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Energy Budget of the Universe

quark mass dependence of nucleon mass helps us 
understand sensitivities of direct dark matter detection
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scalar current difficult to 
measure experimentally

fu,d

fs

estimated from pion-
nucleon scattering

uncertainty dominates 
estimates of cross section
Ellis, Olive, Savage	
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Lattice QCD perfect tool to compute strange content of 
nucleon ms�N |s̄s|N⇥

Feynman-Hellmann Theorem mq�N |q̄q|N⇥ = mq
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strange content of the nucleon P. Junnarkar and AWL	


arXiv:1301.1114

amphys
s

ams



Lattice QCD perfect tool to compute strange content of 
nucleon ms�N |s̄s|N⇥

Feynman-Hellmann Theorem mq�N |q̄q|N⇥ = mq
�

�mq
mN

strange content of the nucleon P. Junnarkar and AWL	


arXiv:1301.1114

0.00 0.05 0.10

fs

Fe
yn

m
an

-H
el

lm
an

n

0.053(19) present work
0.134(63) [27] nf = 2 + 1, SU(3)
0.022(+47

�6 ) [26] nf = 2 + 1, SU(3)
0.023(22) [25] nf = 2 + 1, SU(3)
0.075(73) [24] nf = 2 + 1
0.036(+33

�29) [23] nf = 2 + 1
0.033(17) [13] nf = 2 + 1, SU(3)
0.023(40) [19] nf = 2 + 1
0.058(09) [22] nf = 2 + 1
0.046(11) [20] nf = 2 + 1
0.009(22) [19] nf = 2 + 1
0.048(15) [18] nf = 2 + 1
0.014(06) [17] nf = 2 + 1 + 1
0.012(+17

�14) [16] nf = 2
0.032(25) [14] nf = 2
0.063(11) [21] nf = 2 + 1

fs

0.043(11) lattice average (see text)

D
ire

ct
E

xc
lu

de
d

fs = ms�N |s̄s|N⇥/mN



0.0 0.1 0.2 0.3 0.4 0.5

fs

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

f
2

⌃
⇡
N

+
S
U

(3
)

[o
ld

]

⌃
⇡
N

+
S
U

(3
)

µ
⌦

uu

d

proton

Dark MatterIf Dark Matter couples to the 
scalar current of the nucleon (eg 
via Higgs) Spin Independent cross 
section

H0

� � |f |2 f =
2

9
+

7

9

X

q=u,d,s

fq

fq � ⇥N |mq q̄q|N⇤
mN

see eg. Cheung, Hall, Pinner, Ruderman	


arXiv:1211.4873

figure adapted from arXiv:1211.4873	


thanks to J. Ruderman and collaborators



0.0 0.1 0.2 0.3 0.4 0.5

fs

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

f
2

⌃
⇡
N

+
S
U

(3
)

[o
ld

]

⌃
⇡
N

+
S
U

(3
)

µ
⌦la
tti

ce
av

er
ag

e

uu

d

proton

Dark MatterIf Dark Matter couples to the 
scalar current of the nucleon (eg 
via Higgs) Spin Independent cross 
section

H0

� � |f |2 f =
2

9
+

7

9

X

q=u,d,s

fq

fq � ⇥N |mq q̄q|N⇤
mN

see eg. Cheung, Hall, Pinner, Ruderman	


arXiv:1211.4873

figure adapted from arXiv:1211.4873	


thanks to J. Ruderman and collaborators

dramatic reduction in  
uncertainty of cross section	


!
now        gives larger 
uncertainty - but harder

fu,d



Baryons in lattice QCD Light quark mass dependence of MN
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I am not advocating this as 
a good model for QCD!
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What does this teach us?

For these pion masses, there is a strong cancelation 
between LO, NLO and NNLO           contributions �PT

perhaps should have been expected given poor 
convergence (but just not a straight line!!!)
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What is the status now (2012)?

MN = �0 + �1m�

= 938± 9 MeV

Physical point NOT included in fit
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What is the status now (2012)?

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

�QCD

MN = �0 + �1m�

= 938± 9 MeV



Baryons in lattice QCD Light quark mass dependence of MN

What is the status now (2012)?

RBC-UKQCD Collaboration uses Domain-Wall valence 
and sea fermions

MN = �0 + �1m�

= 938± 9 MeV
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Taking this seriously yields 
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m⇡ ' 174 MeV

m⇡ ' 758 MeV
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