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e.g. axial current in the nucleon O = Sarau54

e.g. scalar matrix elements O =mqqq

NOT E: these involve 3-point correlation functions.
1 hese are numenically difficult calculations.



uclean Maitnx Elements

(N(1)|O(1)|N(0) / DUDDpe S N(r)O(#)N' (0)

We also need to know the 2, 3, ...

(NN (7)
(NNN(7)

O(t)
O(t)

body matrix elements
NN(0))

NNN(0))

No reason (I know of) to expect these N-body matrix
elements are significantly more important than in
“standard” nuclear physics 1.e. the precise nuclear matrix

element will require knowledge of these but they are sub-
corrections O(10%) see Wall Detmold’s talk



N me alnx Elements

(NV(T)|O() [N (0)

e.g. axial current in the nucleon

So far, we (LOCD)
have failed to
convincingly compute
the most basic nucleon
3-pownt function - g4
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(NV(T)|O() [N (0)

e.g. axial current in the nucleon

We have good 1deas
about the systematics
that need to be
controlled, but as yet,
there has been no
convincing calculation

See Sergey Syntsyn’s talk
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\ lucleon Matrnix Elements

(N(1)|O(1)|N(0) / DUDDpe S N(r)O(#)N' (0)

nucleon axial current 1s numerically easier than scalar

matrix elements - no disconnected diagrams

1

O = 5 ATaVu 54 o




uclean Maitnx Elements

(N(1)|O(1)|N(0) / DUDDpe S N(r)O(#)N' (0)

scalar matrix elements:
= {u,d} has connected and disconnected
qg = {s,¢} has only disconnected

o) O = myqq

) @gi) .




uclean Maitnx Elements

(N(1)|O(1)|N(0) / DUDDpe S N(r)O(#)N' (0)

scalar matrix elements: Fortunately, there is an
alternate means to compute these matrix elements

Feynman-Hellman I heorem



Feynman-Hellman I heorem
OFE, oOH

H=Hy+\H, wlip o = (nl o)

In our lattice QCD calculations, we can study the
quark mass dependence of the nucleon and infer these
matrix elements
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Feynman-Hellman I heorem

amN
Tr
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1 hus 15 important: the thing we can do best with lattice
QCD 1s spectroscopy.
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Feynman—Hellmcm 1 heorem
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We can perform the lattice calculations with different

values of the quark mass (with all other parameters held
fixed) and approximate the derwatiwe

(2) (1)
. amy’ — am _
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Feynman-Hellman I heorem
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systematic
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NNLO — m?, with g4=1.2(1), gan=1.5(3)

| @ Or fit the hght quark mass
dependence and determine
the derwatie analytically

my | (V2 1 fy)



¢

Laght quark mairix element
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(30 — 80)

How believable

15 this value?
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ng/u‘ quark mairx element

" NNLO - . with £4=1.2(1),g=150)
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MN — 941 + 42 MeV
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(statistical uncertainties only)
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Baryons in lattice QCD  Light quark mass dependence of Mn

NNLO — m?, with g4=1.2(1), gan=1.5(3) My =cp + o) my
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| am not advocating this as
a good model for QCD!

LHP Collaboration arXiv:0806.4549



Baryons in lattice QCD  Light quark mass dependence of Mn

MILC: My = al + o/ m,  Latt 2008,arXiv:0810.0663  p7, o + o m,

1.6 w 1.6 ‘

I @‘ a\j
14l L4
> >
) I D) I
Q 12+ 9 12+
_ ® NPLQCD _
§ i & MILC: coarse 2 I
10 - . 10+
: i MILC: super fine - — i RBC
- $ LHP - $ LHP
0.8 | | | | L L L | L L L | | | | 0.8 | | | | | | | | | L | | | | |
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
mﬂ/(szﬂfO) mﬂ/(2V27TfO)
.6 w w w \ w w w \ w w w T w w w 1.6 ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \
o S [
as | | 2
1.4; i ] 14 i
S . | S i
) I D)
Q 12+ p g 12 i %’%
s | B = L
= ‘ I » # BMW: a~0.125 fm
10 - . 10+ ]
i g i PACS-CS . i . %T;  BMW: a~0.085 fm
- ? LHP - # BMW: a~0.065 fm
0'%.0 02 04 06 o8 0'%.0 0.2 0.4 0.6 0.8

my | (V2 7 fy) my | V2 7 fy)



Baryons in lattice QCD  Light quark mass dependence of Mn

Chiral Dynamics .
2012 arXiv:1304.6341  VVhat is the status now (2012)?
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Baryons in lattice QCD  Light quark mass dependence of Mn

Chiral Dynamics .
2012 arXiv:1304.6341  VVhat is the status now (2012)?

lomMmMmMM™mM _

1.56— My = og + a1m, :
4 =038+9MeV .

physical _
LHPC 2008 ||
0.8l }  xQCD 2012 |

XQCD Collaboration uses Overlap Valence fermions on
Domain-Wall (RBC-UKQCD) sea fermions



Baryons in lattice QCD  Light quark mass dependence of Mn

" Chiral Dynamics .
2012 arXiv:1304.6341  VVhat is the status now (2012)?
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Baryons in lattice QCD  Light quark mass dependence of Mn

Chiral Dynamics .
2012 arXiv:1304.6341  VVhat is the status now (2012)?
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Taking this seriously yields | am not advocating this as
o.N = 67+ 4 MeV a good model for QCD!




Baryons in lattice QCD  Light quark mass dependence of Mn

Chiral Dynamics .
2012 arXiv:1304.6341  VVhat is the status now (2012)?
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1 here 15 a larger uncertainty n the light-quark scalar
matrix element in the nucleon than 1s often appreciated -
at least the determination from lattice QCD

30 < o, < 70 MeV

(conservatiely)

See talk by Martin Hoferichter for phenomenological

determination



strange content of the nucleon

P. Junnarkar and
PRD 87 (201 3)
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Nucleon strange content seems to have very muld light-

quark mass dependence
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fs = mg(N|5s|N)/mpy

SU(3) baryon Chiral
Perturbation "I heory 1s NOT

quantitately reliable

PRD79 (2009)
PRDS0 (2009)
PRDSI (2010)

P. Junnarkar and
strange content of the nucleon 2D 87 (2013
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P. Junnarkar and

strange content of the nucleon PRD 87 (2013)

Direct Excluded

Feynman-Hellmann
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5 0434H63)— [27]ny=2+1, SU(3)

—— 0.053(19) present work

A 0.043(11) lattice average (see text)

0.00

all numbers mcluded have been
extrapolated to the physical pron

mdass

excluded numbers were:

- improved and included

- not extrapolated to physical
pron mass

- only u,d dynamical quarks



fs = ms(N|5s|N)/my

P. Junnarkar and
strange content of the nucleon 2D 87 (2013
_fe . .
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SU(3) (generous)

111) quote 99% confidence interval of resulting distribution as uncertainty (easy
way to chop oft potential outliers in “uniform” distribution)



strange content of the nucleon

P. Junnarkar and
PRD 87 (201 3)

Excluded

Direct

Feynman-Hellmann
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Heavy quark matnix elements

<N|6’M |N> meNwN Pjunarkar &AWL arXiv:1301.1114

(N|mqqq|N)

) /. = 0.08896(1 — ,4s) fq =

fb—008578( _ajuds) Luds :fu_l_fd_'_fs
£, = 0.08964(1 — Zys)

Shifman, Vainshtein and Zakharov PLLB78 1978
A Kryjevski PRD70 2004 [hep-ph/0312196]

Solon and Hill, arXiv:1409.8290 411
me(N|cc|N) = T6("15) MeV




Heavy quark matnix elements

<N|6’M |N> meNwN Pjunarkar &AWL arXiv:1301.1114

(N|mqqq|N)

) /. = 0.08896(1 — ,4s) fa =

fb_008578( _ajuds) Luds :fu_l_fd+fs
£, = 0.08964(1 — Zyqs)

Shifman, Vainshtein and Zakharov PLLB78 1978
A Kryjevski PRD70 2004 [hep-ph/0312196]

Solon and Hill, arXiv:1409.8290 B 41
me(N|cc|N) = 76(75) MeV

(thanks Mikhail Solon for finding this mistake)
I do not believe the updated precision - I am not sure what
the pQCD uncertainty on this 1s




| Hill & Solon
1 PRL 112 (2014)
| arXiv:1309.4092

(N|m.éc|N) [MeV]

Factors of 2 normally do not seem to matter much in this business,
but in some cases - there are large cancelations which are sensitwe
to the precise values



How much does each quark contribute to the mass of the

90
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q|N)[MeV]

I~ 40}
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o0
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I
! T

(currently unknown uncertaint}/)

pQCD:

(N |mqQQ|N)
my

= 0.08zxx(1 — Tygs)

[ fQ —

LOCD: Tygs = fu+ fa+ [s-

d S C b t



@ _Lattice QCD calculations of scalar matrix elements are nearing
“averageability”, but still a bit premature

@ SU(3) baryon Chiral Perturbation Theory should NOT be used

for quantitative studes

@ Other nucleon matrix element calculations lag significantly
compared to scalar quark content

@ lutice QCD calculations of scalar charm content beginning, but
mn prelinmunary stage: charm particularly interesting to compare

LOCD to pQCD values

@ Ve can also begin looking at mq(N(p + q)|qq|N(p))
but more challenging






