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PNDME Collaboration: Eleven 2+1+1-flavor HISQ ensembles = clover-on-HISQ formulation
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Outline
 What 1s Lattice QCD good for?

— Properties of QCD: spectrum, EoS, ...

— Matrix elements within hadronic states

* Nucleon charges
— Isovector axial, scalar, tensor
— Flavor diagonal axial
— Flavor diagonal tensor
- O-Term

— Flavor diagonal scalar



This talk 1s will emphasize 1ssues 1n the Lattice
QCD calculations and connections to BSM

Lattice QCD results for nucleon charges are
being reviewed by FLAG: 2019, 2021, 2024

To quote numbers, please use original articles
or numbers in the FLAG report




Nucleon charges
_—— gq
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é

* Experiments measure these interactions on hadrons

» Standard Model specifies the coupling

gq of electroweak currents with quarks

e Similarly, EFT of BSM at few GeV

1s 1n terms of quark and gluon operators

e QCD ga1ves significant corrections: —
quark hadron

e Calculation 1s intrinsically non-perturbative

Example: axial charge of nucleons goes from 1 — 1.276




Nucleon charges: (N|q T q|N) «< g T

 Standard Model
» Vector charge (CVC) g¥™¢ 1 -1

« Axial charge g4~ 1 - 1.276

» Transversity gi®5%"

* Contribution of quark’s spin to nucleon spin g}f’d’s'c'b

« BSM
» Novel scalar and tensor interactions via g¥~¢, g%~ % and

precision measurements of neutron decay

e Coupling to dark matter: gZ:g,’gj%,?/

u,d,s,c,b

* Contribution of quark’s EDM to nucleon EDM g
* Contributions of the ©-Term to nEDM



Many thanks to

Raul Briceno:

— Three-hadron systems

Andreas Kronfeld:

— Perturbation theory, power corrections, renormalons and precise evaluation
of quark masses and a;

Huey-Wen Lin:
— Parton distributions from lattice QCD and impacts on global QCD analysis
Finn Stokes:

— Review of muon g-2

Andre Walker-Loud:

— Beta decay as probe of new physics

Michael Creutz, William Detmold, Xu Feng, Shoji Hashimoto,
Martin Hoferichter, David Lin, Ross Young, James Zanotti, ...



Lattice Methodology well established for

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

A
v

Connected Disconnected

stochastic estimates of disconnected contributions are noisier
for the same computational cost and smaller 1n value

u+d u+d,conn lLdisc
[soscalar gdast = dasr + 2gA,S,T

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



Analysis: Spectral decomposition of ['* 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)
j [

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




Extracting Nucleon Charges

ZZA’{Aie—EiT zAA NlOlN) Eit E](T t)
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In the limit (7 — o0) only the ground state contributes. Then

r3  (QINA,N|Q)
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Otherwise, need to make fits to I'3. This requires
knowing the spectrum (energies E; ) and amplitudes (4, )



Spectral decomposition of 3-point function

All states with the same quantum numbers as the nucleon are created by NV

3Pt = (0|0]0)|Ag|2e o7 x [

/

Ground-state matrix element = gg

t=0

T

S

—
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00[0
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, lop
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To isolate (0|0|0), the key
quantities needed are Ay, M;




Which excited states make significant contributions
to a given correlation function?

Interpolating operators create All intermediate states with
or annihilate all states with the nucleon quantum numbers are
same quantum numbers as N suppressed only by A%e~(Mi-Mn)t
ﬁ/ d| v
/ » yg 5

)

‘“-

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

Starting at ~1220 MeV

Radial excitations N(1440)

¥ PT suggests that the contribution of
a pion loop could be ~5% 1n all NME

A,(q)

®
?\ YuVsGa(Q?) .
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T — -

/




¥PT: In all cases, there 1s excited-state
contribution to nucleon charges from
when the pion 1n pion loop 1s on shell

A,(q)

n ®—n
Q\ Yu¥sGa(Q?) 1+ 71
\ /

/
\\ T[ //

T -

This, possibly 5%, contribution from N7 excited-state

[\

needs to be understood/resolved for each NME




Need Ay, M;: but which M; are significant?

* Mass gaps, AM;, of Nmt, Nitm, ... states are smaller than N(1440)
 Their spectrum gets dense as p = 0

« We approximately know their energies in a finite box

» C(Creating each extra state () is suppressed by a normalization factor 1/V

* In some cases, the transition ME are large and compensate for the 1/V factor

Issue: With current statistics, fits with M; = My, versus
M; = My(1440) are not distinguished by the y°!

Using priors 1s not the desired solution

What size statistics are needed to achieve data-driven (y?) selection?




Examples of enhanced excited-state matrix elements

» 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 .
— Enhanced ME: Manifestation of pion-pole dominance hypothesis t
pON_kO ,'k'q i 2 X pON,'kO ,-k
e yPT predicts large contributions from N7 state in 0 ¢ © K = p° 0
— nEDM from ©®-term
— The pion-nucleon sigma term o,y = myq g¢*¢ /—r-\
N N




Isovector charges from forward
matrix elements

Vi, Ay

All (A,P,S,T,V) done at the same time



[sovector axial charge g4~

* Benchmark quantity as it 1s very well
measured g% ¢ = 1.276(1)

* A fundamental parameter in nuclear physics



2 ways of extracting isovector g% ¢

Check control over removing excited-state contributions

2 . .
Spectrum from I’ N included in fits
g4 (Forward ME) (via Ay or priors) G
BT I 14,34 ey L qamn 30
sl aAMy =0.18(5) a071m170 ] st aiM; =0.12(1) a071m170

1.3+

Ti0 — 19w 174 15& 13 x T:00 — 19w 17 & 15& 13 s
-10 -5 0 5 10 1'2_10 5 0

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




Status

Current lattice estimates are mostly 1n the range
gy %=[1.25-1.31]

Precision 1s improving steadily

Resolve the possible ~5% excited-state
contributions from N ... states

Isospin breaking and electromagnetic
corrections (talk by Walker-loud)



Implication for BSM

* Constraints on right-handed currents once

Lattice QCD can provide g%~ ¢ with few parts
per mil precision (see talk by Walker-Loud)

* Neutron decay 1s a very promising opportunity
for extracting I/,,; and testing the unitarity of
the first row of the CKM matrix.

Need 7,, and g4~ ¢ from experiments and lattice

QCD 1nput in calculating radiative corrections
(see talks by Walker-Loud, Xu Feng)



Isovector scalar and tensor charges
u—d u—d
gs = and gr
* Combined with high precision measurements

of neutron decay, they provide a low energy
probe of novel scalar and tensor interactions

Bhattacharya et al, PRD 85, 054512 (2012)



Probing New Interactions: Mgq\; >> My >> 1 GeV

Many BSM possibilities for novel Scalar & Tensor interactions: Higgs-like, leptoquark, loop effects, ...

e v W e Vv
u \0// 4 T \’/
- Hysy
d d

: |
= |
Z 1
Weak @100 GeV Novel S, T Interactions /d/‘\&
V-A: e witha vy @ TeV: eg with a v
LHC

Effective Theory @ ~2 GeV
Characterized by Gg New S, T Interactions (g5, €7)




Measure in [Ultra]Cold Neutron Decay:
Parameters sensitive to new physics

Neutron decay can be parameterized as v Ton
n —
C_/ P
4 B - - "\
m e\ On Dy
( €> i E@ Ee El/ |
N p

b. Deviations from the leading order electron spectrum:
Fierz interference term

B,;: Energy dependent part of the correlation of antineutrino
momentum with the neutron spin



Relating b, B; to ggr & BSM couplings &g 7

H, DG, [gs. e(l-y)v, + & O ea" (1-y5)v, |

!

i .
gy = Zs<p‘ﬁd\n> gr=7r <p‘ﬁaw d\n} Lattice

QCD

Analysis of n — p e v decay at leading order
In &g 7 gives the linear relations

b*™" =034g.e,-522g.¢,
0')BBSM (Ee)

om

e

beM EBlBSM _ E

~044g.e,-4.85g.¢€;

e

Bhattacharya et al, PRD 85, 054512 (2012)



Impact of reducing errors in g and g, from 50—10%

Allowed region in [&s, &7 ] (90% contours) . .
0015 Experimental input

- 08g/8s =10% Bib| < 10°

| 08s/8s =20 % | b| <103
0010, | by, = 2.6 (4.3)1073

Impact limited by precision
of ME from Lattice QCD

& 0005

0.000 / | gs = Zs<1’ ‘T‘dl )
% \%/7 | er=Z{plio,,dn)

f 0g/g = Herczeg 2001
0005, . L
-0.0004 -0.0002 0.0000 0.0002 0.0004  0.0006

€r

‘ Goal: 10% accuracy in gg and g7 ‘ PRD 85, 054512 (2012)




)

Constraints on |[&s,e7]: B-decay versus LHC \{,)M

« LHC: (u+td — etv) look for events with an electron

and missing energy at high transverse mass

* low-energy experiments + lattice with o0g¢/gq ~10%
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Implication for BSM

* For next generation low energy search for
novel scalar and tensor interactions, the main

improvement needed is in neutron decay
experiments to get b and B, to 10™* precision.

 Need g¥~¢ and g%~ 4 to within a few percent,
which 1s on track

 LHC constraints are currently stronger



Flavor diagonal charges

Connected Disconnected

« All (A,P,S,T,V) done at the same time

e Calculation of disconnected contributions is
more costly and noisy



FD axial charges g%®**

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
——]}—+ T ——]}—+ ‘4_- ——{ 1 .
Mainz 19A ; 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

Issues
* Disconnected contribution is small, ~5%

* Need much higher statistics to reduce
uncertainty to ~1%



FD axial charges
Intrinsic quark spin contribution to proton spin

gauge invariant decomposition of the proton spin is given by
1 1
3= 2, (38a+La) +1,
}

sd = Esq = EAZ—C’ = O.SZgAf’ ga = (N0)|ZaALO0)|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%,94 < 0.18



ud,s,c

ar
Contribution of the quark EDM to

neutron EDM



Novel CP violation in BSM — EDMs

| t
T
Neutron > 4? S— quark EDM
I — 3
c
- z 3
Nuclel: > 9 = quark chromo-EDM
2y 3 e 2
p, ’H, *He I & &
s 12
(5]
Diamagnetic = 8 >
atoms: g 3!  gluon chromo-EDM ,,o:
Hg, Xe, Ra - o
o =
@
Paramagnetic - -
ator:s: > '.."_, el four-quark operators > E
Tl, Cs E g
o
’ v ( E
Molecules: g >l lepton-quark operators > %
YbF, PbO, HfF* 1 (v
I Leptons I )[ lepton EDM —>

eV MeV GeV TeV?



EDMs violate P and T invariance




CP(T)-violation and EDMs

Effective CPV Lagrangian at Hadronic Scale

£is8, = — 3;; 0GG dim=4 QCD 6-term
/]
- 5 Z F)vsq dim=5 Quark EDM (qEDM)

Ss,C

Z ¢9sq(0 - G)v5q dim=>5 Quark Chromo EDM (CEDM)

q u,d,s,c
+ dy, —GGG dim=6 Weinberg’s 3g operator
+ Z Ci(4Q)O§4Q) dim=6 Four-quark operators

° ) < O(1078 — 10~!1): Strong CP problem
e Dim=>5 terms suppressed by d, ~ (v)/A%q,,; effectively dim=6
e All terms up to d = 6 are leading order



Each CP violating interaction gives
a contribution to neutron EDM

e (O-term
ud,s,c

* Quark EDM — Flavor diagonal tensor charges g

uvéw
3272

— G
d, =0 (N | ]EMfd4x IN)  cpy

+dtgr +dgr +d°gr + d°g7
+ ...



Ne=2+1+1

g#*>¢. Contribution of the quark EDM to neutron EDM

Ni,=2+1

8T 8T 8T
i This work - ] This work n e This work
= PNDME 20 :'\'E L PNDME 20 ;E HH PNDME 20
- PNDME 188 i PNDME 18B ] i PNDME 18B
-0.25 -0.20 -0.15 0.7 08 0.9 —0.01  0.00  0.01
LANL (PNDME) results: : .
Constrains using
- g7 =0.784(28)(10) nEDM on the
S
_ g4 =-0.204(11)(10) I parameter space g
of split SUSY <

dy = d"g¥+d%¢ + dSgf + d°g5

500 1000 5000  10°

M, (GeV)

PRD 98 (2018) 091501




®-term

=

Uz

Q Q
I '
g F R
| § § | | 8§ 9 |
Weight '3 with the topological charge p° A kg é p°, Kk
Remove excited-state contributions "/ ._
Expand ME in terms of form factors Pua Kk P’y 0

Extract the contribution to the CP violating FF F5
Status

* Large error 1n the extraction of F3 (statistics)
* Resolving and controlling N7 contributions



Implication for BSM

* Knowing the bound [value] on nucleon EDM d,, and
ng"d’S’c, we can constrain BSM models in which quark

EDM is the dominant CP violating operator.

» The coupling O is the sum of the SM and BSM. LQCD
provides the contribution of the CP violating G, G*”

operator to the nucleon EDM.

— To disentangle sources of 0 , need to measure EDMs of
many systems



Flavor diagonal scalar charges
ud,s,c

s



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
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, D o o ~ ©o ©
T T T T T

10

PRL 127 (2021) 242002 Gy = Mgt ~ 40 MeV Oy = Mgt ~ 60 MeV
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No enhancement expected
as KX 1s the lowest state




The pion-nucleon sigma term:
Resolving tension between Lattice QCD and Phenomenology

Orn = Mygget® = mud(N‘ﬂu + cfd‘N)

FLAG Reports 2019, 2021: OaN
. Er —— This Work
« Lattice results ~40 MeV 4 ey ETM 10
= i ETM 14A
* Phenomenology favors ~60 MeV " — JLQCD 18
o — 2QCD 15A
H-H BMW 15

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

RQCD (JHEP 05 (2023) 035) g,y = 43.9(4.7) MeV (FH) 10 20 30 40 50 60 70
Mainz (PRL 131 (2023) 261902) g,y = 43.7(3.6) MeV (FH)

ETM (PRD 102, 054517) o,y =41.6(3.8) MeV (Direct)

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

N scatt.  N;

MeV

LANL Results: PRL 127 (2021) 242002; e-Print: 2105.12095
« Without including N(k)m(—k) and N(0)m(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

See talk by M. Hoferichter


https://arxiv.org/abs/2105.12095

Implication for BSM

Whether o,y = m, 9%7% is = 40 MeV or 60 MeV
comes from whether g¥*% is 12 or 18

This factor of 1.5 1n coupling translates to 2.25 in
cross-section for the favored scalar channel, and thus
the reach of the dark matter direct detection
experiments

Enters 1n the analysis of © — e conversion

o,y 1s a fundamental parameter 1in nuclear physics



Future

Brute force: increase statistics to get to larger T
Will 5X 1n statistics yield data-driven fits

that resolve excited state contributions?

Variational basis of interpolating operators including
Nt to get results from smaller T

1.4

1.40

135}
1.30f
125}
1.20f

115}

L ga=1292(23)
[ aAM; = 0.248(50)
L x%/27=1.06, pF =0.46

[ — T:o ® 16 ®
1.10 = :




The neutron is a clean but challenging system

Decays weakly = a stable bound state of QCD

Properties:
 Charges g4,9p 9s, 91> 9v
* Spin content @
* Quark contribution
* Gluon contribution
* Contributions to nEDM @
 Form factors

* Electric, Magnetic

. Axial A
e Distribution functions, moments Vid

« PDF \

. GPD !

* Radiative corrections to n-decay — V, 4 udd
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