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NP has a broad program 
 
 
 
 

Existing Facilities: CEBAF @ Jefferson Lab, RHIC @ BNL, 
ATLAS@ ANL	


Future Facilities	


Facility for Rare Isotope Beams (FRIB) @ Michigan State	


? Electron-Ion Collider (EIC) @ BNL or JLab 	


?? Ton-scale 0νββ decay Experiment
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Nuclear Physics

2014/5: NSAC long range planning process	


Updating 2007 LRP	


Evaluate and prioritise program for next decade	


5-day resolution meeting in April, report due in October	


Computational Nuclear Physics Initiative (potentially ~$10M/yr)	


Lack of capacity computing and workforce in NP	


Meetings in July 2012, July 2014, 2014 white paper	


Strong endorsements from all 4 areas of NP	


Tea leaves: fairing well in LRP



Cold NP Highlights
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FIG. 2: The calculated �E(B) of the proton and neutron
(upper panel) and light nuclei (lower panel) in lattice units
as a function of |ñ|. The shaded regions corresponds to fits
of the form �E(B) = �2µ |B|+� |B|3 and their uncertainties.
The dashed lines correspond to the linear contribution alone.

dure. Fits are performed only over time ranges where
all of the individual correlators in the ratio exhibit sin-
gle exponential behavior and a systematic uncertainty is
assigned from variation of the fitting window. Figure 1
shows the correlator ratios and associated fits for the var-
ious states that we consider: p, n, d, 3He, and 3H, for
ñ = +1,�2,+4.

As mentioned above, the magnetic moments of the pro-
ton and neutron have been previously calculated with lat-
tice QCD methods for a wide range of light-quark masses
(in almost all cases omitting the disconnected contribu-
tions). The present work is the first QCD calculation of
the magnetic moments of nuclei. In Figure 2, we show
the energy splittings of the nucleons and nuclei as a func-
tion of |ñ|, and, motivated by Eq. (3), we fit these to a
function of the form �E

(B) = �2µ |B| + � |B|3, where �

is a constant encapsulating higher-order terms in the ex-
pansion. We find that the proton and neutron magnetic
moments at this pion mass are µ

p

= 1.792(19)(37) NM
(nuclear magnetons) and µ

n

= �1.138(03)(10) NM, re-
spectively, where the first uncertainty is statistical and
the second uncertainty is from systematics associated
with the fits to correlation functions and the extraction
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FIG. 3: The magnetic moments of the proton, neutron,
deuteron, 3He and triton. The results of the lattice QCD cal-
culation at a pion mass of m⇡ ⇠ 806 MeV, in units of lattice
nuclear magnetons, are shown as the solid bands. The inner
bands corresponds to the statistical uncertainties, while the
outer bands correspond to the statistical and systematic un-
certainties combined in quadrature, and include our estimates
of the uncertainties from lattice spacing and volume. The red
dashed lines show the experimentally measured values at the
physical quark masses.

of the magnetic moment using the above form. These
results agree with previous calculations [14] within the
uncertainties. In the more natural units of lattice nu-
clear magnetons (LNM), e

2M

N

, where M

N

is the mass
of the nucleon at the quark masses of the lattice cal-
culation, the magnetic moments are µ

p

= 3.119(33)(64)
LNM and µ

n

= �1.981(05)(18) LNM. These values at
this unphysical pion mass can be compared with those
of nature, µ

expt
p

= 2.792847356(23) NM and µ

expt
n

=
�1.9130427(05) NM, which are remarkably close to the
lattice results. In fact, when comparing all available
lattice QCD results for the nucleon magnetic moments
in units of LNM, the dependence upon the light-quark
masses is surprisingly small, reminiscent of the almost
completely flat pion mass dependence of the nucleon ax-
ial coupling, g

A

.
In Figure 2, we also show �E

(B) as a function of |ñ|
for the deuteron, 3He and the triton (3H). Fitting the
energy splittings with a form analogous to that for the
nucleons gives magnetic moments of µ

d

= 1.218(38)(87)
LNM for the deuteron, µ

3He = �2.29(03)(12) LNM for
3He and µ

3H = 3.56(05)(18) LNM for the triton. These
can be compared with the experimental values of µ

expt
d

=
0.8574382308(72) NM, µ

expt
3He = �2.127625306(25) NM

and µ

expt
3H = 2.978962448(38) NM. The magnetic mo-

ments calculated with lattice QCD, along with their
experimental values, are presented in Figure 3. The
naive shell-model predictions for the magnetic moments
of these light nuclei are µ

SM
d

= µ

p

+µ

n

, µ

SM
3He = µ

n

(where
the two protons in the 1s-state are spin paired to j

p

= 0
and the neutron is in the 1s-state) and µ

SM
3H = µ

p

(where
the two neutrons in the 1s-state are spin paired to j

n

= 0

12

FIG. 6. ~P = [000] A+

1

spectrum. Orange boxes: spectrum at
each integer value of L/as obtained by solving Eq. 6 for the
parameterization in Eq. 14 with parameter values given by
Eq. 15; the parameter errors and correlations are propagated
through the calculation with the resulting uncertainty on the
energy shown by the vertical size of the box. Original lattice
QCD spectrum shown in black.

t-matrix obtained by solving Eq. 6 for the parameteri-
zation in Eq. 14 with parameter values given by Eq. 15
alongside those obtained in the lattice QCD calculation
– this is shown in Fig. 6, where the agreement is clear,
as one would expect from a fit with a �2/N

dof

close to
unity.

In Fig. 7 we take the t-matrix resulting from this min-
imization and plot the multichannel phase-shifts, �

i

(s),
with i = ⇡K, ⌘K and inelasticity, ⌘(s), defined in the
usual manner,

t
ij

=

8
<

:

⌘ e

2i�i�1

2i ⇢i
(i = j)

p
1�⌘

2
e

i(�i+�j)

2

p
⇢i ⇢j

(i 6= j)
, (16)

where ⇢
i

(s) = 2k
i

/
p
s is the phase space for channel i.

To assess whether features present in Figure 7 are truly
required to describe the finite-volume spectra, or whether
they are artifacts of the particular parameterization uti-
lized, we also attempt a description using a di↵erent
form for the K-matrix. This second fit uses Eq. 13 with
N

⇡K,⇡K

= N
⇡K,⌘K

= N
⌘K,⌘K

= 1 and is able to de-
scribe the spectra with �2/N

dof

= 12.2/(15 � 3) = 1.36.
The resulting phase-shifts and inelasticity are plotted in
Figure 8 along with the previous fit. We see that the
large-scale behavior is the same in both fits, although two
detailed features prove to not be robust under change in
paramaterization: the visible cusp in �⇡K at the open-
ing of the ⌘K threshold and the degree of deviation from
unity of the inelasticity below a

t

Ecm ⇠ 0.24.
Note that our earlier suspicion that ⇡K and ⌘K are

essentially decoupled is manifested in the fit results, Fig-
ure 8 shows the inelasticity which, while it has a large
uncertainty, and does vary somewhat under change in
parameterization, hardly deviates away from unity, indi-
cating complete decoupling, over the entire constrained
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FIG. 7. The curves show the phase-shifts and inelasticity
as defined in Eq. 16 for the parameterization in Eq. 14 with
parameter values given by Eq. 15. The inner and outer error
bands reflect the two sets of errors (statistical and variation
in meson masses and anisotropy) quoted. Top: �⇡K

`=0

and �⌘K`=0

in degrees. Middle: Minimisation result, model energies with
uncertainties in orange, lattice QCD energies in black. Bot-
tom: the inelasticity. Note the position of the three lowest
points below ⇡K threshold that enter in the fit and tightly
constrain the t-matrix near threshold.

energy region. Arguments based upon SU(3)
F

flavor
symmetry, outlined in Appendix A, suggest than in even-
` partial waves, the resonant octet coupling to ⇡K is
strongly enhanced over coupling to ⌘K, leading to an
approximate decoupling. As mentioned in Section ??,
such a decoupling is observed experimentally in the JP =
0+, 2+ channels [2, 3].
The S-wave amplitudes we have constrained using this

limited set of data contain some suggestive properties. A
phase-shift rising through 90�, as shown in Figs. 7,8 is
often indicative of a resonance. It appears from this fit
that such a resonance may be coupled to ⇡K and not
⌘K, but the uncertainty on the inelasticity is large. To
obtain a more constrained description of the scattering
we require more data – we now proceed to investigate a
much larger set of irrep spectra.

B. Finite-volume spectra

We now begin the task of improving our description
of the S-wave and determining the behavior of higher
partial waves.
In Fig. 9 we show the spectrum in the T�

1

irrep on
our three volumes, which we expect to be dominated by

Nucleon Structure with Wilson Clover Lattices USQCD All-Hands Meeting, Fermilab, May1&2

Improvements

S. Syritsyn (LHP), R. Gupta (NME)

Disconnected Quark Contractions

Hierarchical probing [K.Orginos, A.Stathopoulos, ’13] : 

In sum over 2dk+1 vectors (d=3), 
dist(x,y) ≤ 2k terms cancel exactly:

zi �! zi � ⇠ , ⇠(x) = random Z2-vector
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Disconnected diagrams with JLab isotropic Clover [S.Meinel’s USQCD project ’13; in prep.]
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NEW: reduce variance by treating low modes 
of            exactly [K.Orginos et al]( /D
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FIG. 2. Isovector charges of the nucleon on the 9 ensembles described in Table I: axial (top row),
scalar (middle row), and tensor (bottom row) charges as functions of the lattice spacing a (left
column), M2

⇡ (middle column) and M⇡L (right column). In each column, the fits are shown holding
the other two variables at their physical value and hence the fits are not expected to go through
the points. We show the M⇡L = 1 extrapolated value at M⇡L = 7.
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FIG. 3. Plot of gA versus a extracted from Fig. 2 to highlight the three ensembles that need higher
statistics.
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Cold NP Requests 2014

Edwards Isotropic Gauge Gen. 100M ORNL 
25M+10% ANL

DeTar Charm Spectroscopy 8.6M CPU

Orginos Nuclei 85M CPU 
40K GPU

Meinel Disconnected Structure 540K GPU

Richards Spectroscopy 64M CPU 
4.5M GPU

Walker-Loud CP πN, g 37M CPU 
7% ANL ZP

Lin Structure 32M CPU

Liu Structure 17M ORNL,  
6M CPU

Syritsyn Structure 67M CPU



Cold NP Requests 2015

Orginos Isotropic Gauge Gen. 100M ORNL 
25M+10% ANL

DeTar Charm Spectroscopy 8.6M CPU

Detmold Nuclei 85M CPU 
40K GPU

Edwards Spectroscopy 64M CPU 
4.5M GPU

Walker-Loud CP πN, g 37M CPU 
7% ANL ZP

Lin Structure 32M CPU

Liu Structure 17M ORNL,  
6M CPU

Syritsyn Structure 67M CPU



Cold NP Requests 2015

Orginos Isotropic Gauge Gen. 100M ORNL 
25M+10% ANL

DeTar Charm Spectroscopy 6.9M CPU

Detmold Nuclei 53M CPU 
6.1M GPU

Edwards Spectroscopy 71M CPU 
2.8M GPU

Walker-Loud CP πN, g 10M CPU 
2.5M GPU

Lin Structure 95M CPU

Liu Structure 39M ORNL,  
10M CPU

Syritsyn Structure 44M CPU

Gupta Structure 47M CPU

Kronfeld Structure 30M CPU

Richards Structure 23M CPU 
0.4M GPU

Blum Chromo-EDM 22M CPU
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DeTar Charm Spectroscopy 6.9M CPU

Detmold Nuclei 53M CPU 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Edwards Spectroscopy 71M CPU 
2.8M GPU

Walker-Loud CP πN, g 10M CPU 
2.5M GPU

Lin Structure 95M CPU

Liu Structure 39M ORNL,  
10M CPU

Syritsyn/
Gupta Structure 57M CPU

Kronfeld Structure 30M CPU

Richards Structure 23M CPU 
0.4M GPU

Blum Chromo-EDM 22M CPU
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Cold NP proposals

PI Title

Tom Blum Calculation of nucleon electric dipole moments induced by quark chromo-electric dipole moments

Carleton DeTar Quarkonium Physics: X(3872)

Will Detmold Lattice QCD Studies of Multi-Neutron Systems and Light Nuclei

Robert Edwards The Spectrum and Properties of Excited Meson and Baryon States using Anisotropic Clover Lattices

Rajan Gupta Probing Novel Physics via Precision Calculations of Nucleon Matrix Elements

Andreas Kronfeld The Nucleon Axial-Vector Form Factor at the Physical Point with the HISQ Ensembles

Huey-Wen Lin Precision Neutron-Decay Matrix Elements for Fundamental Symmetry

Keh-Fei Liu Quark and Glue Structure of the Nucleon with Lattice QCD

Kostas Orginos Dynamical Isotropic-Clover Lattice Production for Hadronic and Nuclear Physics

David Richards Hadron Structure using Distillation

S. Syritsin Nucleon Structure Exploration using High Statistics Isotropic Clover Calculations

Andre Walker-Loud CP Violating pi-N couplings from quark C-EDM operators and other static nucleon matrix elements

http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Blum_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/DeTar_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Detmold_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Edwards_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Gupta_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Kronfeld_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Lin_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Liu_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Orginos_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Richards_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Syritsin_USQCD_2015.pdf
http://www-hep.colorado.edu/%7Eanna/SPC_2015/Type_A/Walker-Loud_USQCD_2015.pdf
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Spectroscopy and Interactions

Edwards: excited state resonance spectroscopy in many channels	


Coupled channels phase shift extractions	


Radiative processes	


Detmold: light nuclei (spectrum and properties) and multi-
neutron systems	


Constrain nnn interactions and EoS for nuclear astrophysics	


mπ = 800 → 450 → 300 MeV 	


DeTar: charm spectroscopy X(3872) state	


New method to study mixing with open charm states, L→∞



Hadron Structure: Physics Coverage

Spin decomposition

CPV πN/quark CEDM

TMD PDFs, q(x)

gA,  gS, gT,  
form factors

Lin

KronfeldGupta

Richards

Walker- 
Loud

Liu

Syritsyn

Blum
  Clover    

   DWF     
   HISQ     

Configs

Clover
HISQ
DWF

Valence

Overlap

Isoscalar 	

Contributions



Hadron structure

Why n→∞ proposals on hadron structure?	


Many interesting physics goals	


Tough problem (excitations, FV, noise,…)	


Are we being effective?	


Divisions in community?	


Lack of focus and prioritisation?  
Diversity is good, but…	


Should USQCD work together and solve this problem?	


gA, <x> have 3% precision goal in USQCD white paper



gA: Lattice 2014

Hadron Structure Martha Constantinou

ΠR(Γ, q⃗) = ZOΠ(Γ, q⃗) . (2.4)

Finally, the nucleon matrix elements can be parameterized in terms of Generalized Form Fac-
tors (GFFs). As an example we take the axial current insertion which decomposes into two Lorentz
invariant Form Factors (FFs), the axial (GA) and pseudoscalar (Gp):

⟨N(p′,s′)|ψ̄(x)γµ γ5ψ(x)|N(p,s)⟩= i

(

m2
N

EN(p′)EN(p)

)1/2

ūN(p′,s′)

[

GA(q2)γµγ5+
qµγ5

2mN
Gp(q2)

]

uN(p,s) ,

(2.5)
where q2 is the momentum transfer in Minkowski space (hereafter, Q2 =−q2).

In these proceedings I will mostly consider the flavor isovector combination for which the
disconnected contribution cancels out; strictly speaking, this happens for actions with exact isospin
symmetry. Another advantage of the isovector combination is that the renormalization simplifies
considerably.

2.1 Nucleon Axial Charge

One of the fundamental nucleon observables is the axial charge, gA ≡ GA(0), which is deter-
mined from the forward matrix element of the axial current. gqA gives the intrinsic quark spin in the
nucleon. It governs the rate of β -decay and has been measured precisely. In the lattice QCD it can
be determined directly from the evaluation of the matrix element and thus, there is no ambiguity
asocciated to fits. For this reasons, gA is an optimal benchmark quantity for hadron structure com-
putations. It is thus essential for lattice QCD to reproduce its experimental value or if a deviation
is observed to understand its origin.
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Figure 2: Collection of lattice results for gA. In chronological order these correspond to: Nf=2+1 DWF
(RBC/UKQCD [11, 12], RBC/UKQCD [13], χQCD [14]), Nf=2+1 DWF on asqtad sea (LHPC [15]),
Nf=2 TMF (ETMC [16]), Nf=2 Clover (QCDSF/UKQCD [17], CLS/MAINZ [18], QCDSF [19],
RQCD [20, 21]), Nf=1+2 Clover (LHPC [22], CSSM [23]), Nf=2+1+1 TMF (ETMC [24]), Nf=2+1+1
HISQ (PNDME [25, 26]), Nf=2 TMF with Clover (ETMC [27]). The asterisk is the experimental value.
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gA: Lattice 2014

Hadron Structure Martha Constantinou
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One of the fundamental nucleon observables is the axial charge, gA ≡ GA(0), which is deter-
mined from the forward matrix element of the axial current. gqA gives the intrinsic quark spin in the
nucleon. It governs the rate of β -decay and has been measured precisely. In the lattice QCD it can
be determined directly from the evaluation of the matrix element and thus, there is no ambiguity
asocciated to fits. For this reasons, gA is an optimal benchmark quantity for hadron structure com-
putations. It is thus essential for lattice QCD to reproduce its experimental value or if a deviation
is observed to understand its origin.
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Figure 2: Collection of lattice results for gA. In chronological order these correspond to: Nf=2+1 DWF
(RBC/UKQCD [11, 12], RBC/UKQCD [13], χQCD [14]), Nf=2+1 DWF on asqtad sea (LHPC [15]),
Nf=2 TMF (ETMC [16]), Nf=2 Clover (QCDSF/UKQCD [17], CLS/MAINZ [18], QCDSF [19],
RQCD [20, 21]), Nf=1+2 Clover (LHPC [22], CSSM [23]), Nf=2+1+1 TMF (ETMC [24]), Nf=2+1+1
HISQ (PNDME [25, 26]), Nf=2 TMF with Clover (ETMC [27]). The asterisk is the experimental value.
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Precision goals

Historically NP has not focused on the same well quantified 
precision goals as HEP flavour physics	


Needs to for nucleon matrix elements with new experiments 
(<r2>,  FA(q2), UCN, …)	


Nuclear physics is the new flavour physics	


Multiple lattice spacings, multiple volumes, multiple tsep	


Requires long-term planning and coherence  
What are the ideal set of calculations to do?	


DWF, Staggered, Clover?	


Hadron structure workshop in DC in 2014: broad support for 
clover fermions	


Time critical: European groups will finish hadron structure


