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Team members

Long term collaborations with ASCR supported community and Industry

e Gauge generation (co-Pl: Balint Joo)

- Balint Joo - Sparse linear system solvers on emerging LCF-s (Cori, Summit, NERSC-9)
- Boram Yoon - Sympletic PDE Integrators

- Kate Clark (NVIDIA) - comms reduced solvers, Integrators

- Kostas Orginos - 1 flavor methods

- Xu Liu - Memory optimizations (QPerf and HPC Toolkit)

- Robert Fowler - QUARC/DSL interface to Clang/LLVM - automatic code generation

e Correlation functions/contractions (co-Pl: Will Detmold)

- Saman Amarasinghe - (TACO) code generation, auto-tuning for contractions (& gauge gen)

- Andrew Pochinsky - Halide for QCD

- Kenneth Roche - workflow, data reductions/sparsification/SVD approximations for contractions
- Andrei Alexandrou - overlap analysis campaigns for KNL-s

« Thermodynamics and Workflow (co-Pl: Swagato Mukherjee)

- Sergey Panitkin: PanDA/ATLAS workflow for LCF systems, multi-site campaigns, scheduling, file
transfers & data integrity

- Alexei Bazavov - transport coefficients
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Science Drivers

e Goals for field set out in 2015 NSAC Long Range Plan

- JLab 12GeV: hadron spectroscopy and quark structure

- FRIB: nuclear interactions, nuclear astro, ) o FOR
fundamental symmetries

- PP decay: potential for LQCD input
- EIC: gluonic structure of nucleons and nuclei

e Central to USQCD planning

e Experiment recognizes importance of computational
NP initiative

LONG RANGE PLAN
for NUCLEAR SCIENCE

.!effe?son Lab http://science.energy.gov/~/media/np/nsac/pdf/20 1 5LRP/2015 LRPNS O9I8|§.pdf



http://science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf
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LQCD/NP Science & connection to Expt.
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QCD, hadrons and the standard model

While QCD may be a solid part of the standard model, and hadrons are ubiquitous in HEP experiments,
there remain significant mysteries in how hadrons are built from quarks and gluons
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QCD, hadrons and the standard model

While QCD may be a solid part of the standard model, and hadrons are ubiquitous in HEP experiments,
there remain significant mysteries in how hadrons are built from quarks and gluons

light scalar meson resonances

f0(500) or & le]

IG(JPC) — 0+(0+ +) fo(980) U] /G(JPC) = 0+(0 + +)
was fo(600)
. 2 Mass m = (400-550) MeV Mass m = 990 & 20 MeV
UneXpla'Ined H Full width I = (400-700) MeV Full width ' = 10 to 100 MeV
K5(800) 10P) = 10) 20(980) U 1P =17+

— Mass m = 980 + 20 MeV
Full width ' = 50 to 100 MeV
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QCD, hadrons and the standard model

While QCD may be a solid part of the standard model, and hadrons are ubiquitous in HEP experiments,
there remain significant mysteries in how hadrons are built from quarks and gluons

pure YM glueballs lgcd hybrid hadrons
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Precise spectroscopy of stable hadrons

lattice qcd light hadron spectrum
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Excited spectroscopy

but much of the excitement in hadron spectroscopy is in heavier states

and they are resonances observed through their decays

Z:(3900) = m+J/y p — T nm — um,KK,nn

A ) Lty
37 38 39 4.0 4.1 600 700 800 900 1000 1100 'y a4 X TR L
exotic familiar M(Glevwon-trivial

same non-perturbative dynamics binds and causes
the decay — can’t be separated within QCD ...

a faithful QCD calculation should give all the
scattering physics at once ...
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Lattice QCD & the excited hadron spectrum

LQCD SciDAC project has pioneered novel techniques in lattice QCD
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Light quark meson + “exotics” & “hybrids” spectrum

Exotics
1 ‘Toward the excited isoscalar
] meson spectrum from lattice QCD’
| PRD 88 094505 (2013)
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Hadron Spectroscopy - role of the glue

Light quark meson + “exotics” & “hybrids” spectrum Exotics
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1§ Clear indication of exotics

GlueX

= Need to know decay modes and rates to compare to expt.



Where are the “Missing” Baryon Resonances?

Only few found in expt. - thought that they were missing?

Theory/symmetries wrong?

Nucleon & Delta spectrum
PDG uncertainty on
B-W mass

[Expt. VS. predictions]

Nucleon (Exp): 4*, 3*, some 2*

Delta (Exp): 4*, 3*, some 2*
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LQCD suggest no “missing” baryon states

Focus of CLAS12 @ JLab & Bonn & Mainz & LHCb @ CERN

Additional gluonic excitations within baryons
Spurred new expt. search in CLAS12@JLab
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Hadron Spectroscopy - role of the glue

e Subtract the ‘quark mass’ contribution
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Hadron Spectroscopy - role of the glue

e Subtract the ‘quark mass’ contribution

SU(3)r point

~1.3 GeV
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Exotic hybrid mesons in QCD?

To predict and understand hybrid mesons from QCD E

= must predict decay modes
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Exotic hybrid mesons in QCD?

Excited states are resonances in scattering of lighter hadrons

We should see this in LQCD
45
1-+ [pm]p 1-+ [n'm]e k*kwp
/
B qook N *ﬁ COMPASS 2008 7]
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Hard - start with lower energies
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Mysterious light scalar mesons

Conventional wisdom: an ‘inverted’ mass nonet

e @ K(‘700’)
fo(980)
O (8 @ a0(980)
c(‘500’)
Similar? Vastly different masses & widths
G @ Mass
ao(980)
S fo(980)
O
N 6(‘500’)
O k(‘700’)

What does QCD have to say?

.geffé?son Lab 19



Lightest tensors at m;=391 MeV PRO97, 034513 (2018
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Lightest tensors at m;=391 MeV

pips Itis|* | — - _
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Lightest scalars at mz=391 MeV Lt oo ine o

e T

so VSo/MeV

sheet |l
K

~ g |

spin = 0

ao

sheet IV

| ]

700 o 800
sheet |

Im+/sg

50 +

—100 -

4effe?son Lab

1200 1300

mpr = Re\/%

—

fo

sheet Il

0.8 |-

“r T — T

KK —- KK

mr — KK

L~ | |
ar B
T020 T 0.22 021t Hem

pip;lti;|?

0.7 -

06F
KK - KK
05k

04
™) — TN
03}

02}

0.1r m — KK

1 1 1 L °

Il 1
T 0.18 0.19 0.20 0.21 0.22 0.23

ag Ecm

180 |-

150 |
K
50

120 |-
90
60

30

30

22



Light meson resonances at m:~391 MeV

o

@
p

R
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dao

Have found the nonets of spin =0, 1, 2 from QCD

Thanks to SciDAC
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Quark mass dependence: 1=0 & 1
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Quark mass dependence: I=1/2

A more complicated story...

need “t” & “u”-channel amplitudes

60

C(K,/” 50/0
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Anatomy of the Proton Mass

 —— |

* Your mass comes from M = E/c? of the nucleons inside your atoms.

e The energy comes from:

- quark masses (Higgs-Yukawa);

- dimensional transmutation;

- quark and gluon kinetic energies.

* Yang et al. (¥QCD), Phys.Rev.Lett 121 (2018).

e ScienceNews!

.{effe?son Lab

APS Physics! w
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http://inspirehep.net/record/1691570
https://www.sciencenews.org/article/proton-mass-quarks-calculation?tgt=nr
https://physics.aps.org/articles/v11/118
http://inspirehep.net/record/1691570

Parton Distribution Functions

e Any improvement benefits LHC searches.

o Key measure of nucleon structure.
X. Ji, Phys.Rev.Lett 110 (2013)

e Explosion of numerical & theoretical work < first USQCD studies.
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Chen et al., arXiv:1803.04393; Lin et al., Phys.Rev.Lett 121 X
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http://inspirehep.net/record/1662058
http://inspirehep.net/record/1232221

Parton Distribution Functions

e Any improvement benefits LHC searches.

o Key measure of nucleon structure.
X. Ji, Phys.Rev.Lett 110 (2013)

e Explosion of numerical & theoretical work < first USQCD studies.

°
z o— >0
| Parton distributions and lattice QCD calculations:
4§ A community white paper, H.-W. Lin et al. arXiv:1/11.07916 |
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Chen et al., arXiv:1803.04393; Lin et al., Phys.Rev.Lett 121 X
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http://inspirehep.net/record/1662058
http://inspirehep.net/record/1232221
http://inspirehep.net/record/1637373

Nucleon Structure

e Quark transverse parton distribution:

- aligned vs. anti-aligned in polarized target; f Transversity \

- poorly determined in semi-inclusive DIS.

—
_ Y

E L (a) = New global analysis including

o . e < lattice-QCD constraints:

Lin, et.al., Phys.Rev.Lett 120 (2018)

o Lattice QCD can contribute in many

—0.8
SIDIS+lattice areas of nucleon structure.
... .
—1.%5 0.2 0.4
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http://inspirehep.net/record/1632929

Pressure in the proton

Pressure of quark/glue mapped in expt.

LQCD can compute Energy-Mom. Tensor matrix elements

r2 * pressure

1.0+ ot il
0 I o i model
| — — = gluon cont. 1 T dependence
Lg ] - quark cont. | | // \\
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U r /\\ [ \
(o] f \ *.' ' \
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—~ r "X //// N/ //
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Y : \ /
C\I& E \-f/
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0.0 05 1.0 1.5 2.0 0.0 05 1.0 1.5 20
r (fm) r (fm)
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rz * shear
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r \
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[ / )
[ I a\ N
0.0 - ——
T\L total ]
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0.0 0.5 1.0 1.5 2.0
r (fm)

quarks/glue repulsive at core; attractive at boundary

.geffé?son Lab

glue lurks near boundary

PRL122, 072003 (2019)
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QCD for nuclei - milestone

The binding energies of light nuclei+strange nuclei

0 ‘ 2—-Body ‘ 3-Body ‘ 4-Body ‘ 0
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20 O =
~40 o -50
1+ 1+ §+ i
—60 2 2 e 2 _
= i o 2
2 -80 = —100 |-
g 2
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~120 —-150
0+
~140
—160f d mm  SHe “He | n 3H 3He 3He #%He H-dib nZ2 4 He —-200 -
s=0 s=—1 s=—2
Nuclear Structure
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LQCD
. EFT

/D/.Aed/fz‘/@

SHe/’Li OLi

Refining Nuclear Forces

“Effective field theory for lattice nuclei”,
PRL 114 052501 (2015)

e First calculations of binding energies of light hypernuclei
e QCD calculations used to validate and predict properties of nuclei

‘Light nuclei and hyper nuclei from QCD
in the limit of SU(3) flavor symmetry’
PRD 87 034506 (2013)

J)effe?son Lab
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Light Nuclei

e Nuclear structure offers new insights and
challenges, e.q.:

4 b °H
- parton distributions «— EMC effect. L S
: T
e First steps: isovector magnetic moments and < 0
polarizabilities up to A = 4. : )
R ____He
. Striléing a rleerr]nent wlith experiment even at |
unphysical light-quark mass.
physicat ght-q M, = 800 MeV
 New directions: first computations of weak Lo Y1 pp He H He
decays with A < 3. ;
8[
= g4 quenching ;’g 6/ B .
= 4] |
- pp fusion = B
27 .
- Double gp decay ok

[]) 111 nln d]‘zl:il plp 3Plle 3IH 4I-lle
Beane, et al., Phys.Rev.Lett.113 (2014); Tiburzi, et al., Phys.Rev.D96 (2017)
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http://inspirehep.net/record/1315952
http://inspirehep.net/record/1512778

Hot-Dense matter

properties of quark gluon plasma (QGP)
the big questions ...

9 7Wk W,Z bosons

characterize the matter that existed
~ micro-seconds after the Big Bang
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Hot-Dense matter

properties of strongly interacting matter
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Hot-Dense matter - new expt. at BNL

Beam Energy Scan-Il @ RHIC

2019-2021
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QCD phase boundary computed

LQCD calculation
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e Chemical freeze-out

- in vicinity of QCD phase boundary

Guide for BES-II program
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Computational Requirements

-Gauge generation
- o Leadership level
e Strong scaling

Strong scaling limited
« Comms/compute less balanced in recent machines
e Latency in comms important
e Require comms reduced linear solvers
: — ; e 1-flavor solvers
P : Symp[etic PDE integrators

Data-parallel code gen. with comms

Throughput challenge
e Solvers still important

' Analysis
: e Large problems / node -> minimize memory traffic

e Throughput level
e O(1M) RHS-s/cfg

C : C l “Workflow” challenge
: OntrC‘OS orrelators « Combinatorics -> improved graph theoretic methods
- “ }f( O(1M)/cfg : e Code generation for (sparse?) tensor contractions
ElSIEEE . = UJ : « Job coordination -> Grid based

.{effé?son Lab 36



How to produce gauge fields?

« Hamilton’s equations - 1st order coupled differential egns.
« Each integration step: sparse matrix solution
e Strong scaling challenge

e Limitations

Hypersurface of Constant H

Momentum refreshment
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How to produce gauge fields?

« Hamilton’s equations - 1st order coupled differential egns.
« Each integration step: sparse matrix solution
e Strong scaling challenge

e Limitations
- Must be “reversible”

Hypersurface of Constant H

Momentum refreshment
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How to produce gauge fields?

« Hamilton’s equations - 1st order coupled differential egns.
« Each integration step: sparse matrix solution
e Strong scaling challenge

e Limitations
- Must be “reversible”
- No adaptive time steps

Hypersurface of Constant H

Momentum refreshment
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Accelerating QCD gauge generation on GPUs

J)effe?son Lab

[See poster by Balint Joo]
4006

1878

439
500 332
; L
Titan (1024x Summit (128x Titan (512x Summit (128x  Summit (128x
K20X) V100) K20X) V100, Nov 2019) V100, March
2019)

~10.2x wallclock speed-up on Summit using 8x fewer GPUs than Titan:
~82x improvement in computational efficiency

Allows previously unaffordable calculations

38



Next: Improved “thoughput”

Throughput challenge
e Solvers still important

' Analysis
: e Large problems / node -> minimize memory traffic

e Throughput level
e O(1M) RHS-s/cfg

' Contracti C lat “Workflow” challenge
: ‘on ractions orretators e Combinatorics -> improved graph theoretic methods

) O(1M)/cfg : « Code generation for (sparse?) tensor contractions
C = HJ : « Job coordination -> Grid based
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Accelerating propagators

[See poster by Balint Joo]

e O(1M) right-hand sides for Dirac equation per configuration

 Ill-conditioned solver at light quark masses
Restriction: Aggregation over sites, colors,
chiral spin components.

-

e Solution - Adaptive Multigrid

Stampede 2 (Skylake) - Strong scaling

Performance similar on KNL systems
V:643x128 lattice, mn~172 MeV, a=0.092fm

rrr~r+~r+r~r+~1r~r+~r=rrrrprrrrrrrr

512 — G—© Multi-Grid preconditioned FGMRES ]
&—£&1 Double Precision BiCGStab from QPhiX . .
256 - oo Mixed Precision BicGsub from QPix | - |ssues: AVX512, nested parallelism for aggregation

128 —

e 8x speedup over conventional methods

64—

32+ —

for 8x N

Minimum Component Solution time (sec)

2_ —

- I N N N O T HV R R AP B B B A b Happy times on Cori-KNL

| | |
4

I
8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68
Stampede2 SKX nodes
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Reducing contraction/correlator costs

' Contracti C lat “Workflow” challenge
: _on ractions orretators « Combinatorics -> improved graph theoretic methods

O(1M)/ctg : « Code generation for (sparse?) tensor contractions
C = HJ : « Job coordination -> Grid based

4effe?son Lab 41



QCD for nuclei

e Quarks need to be tied together in all possible way

Necontractions = NW/N4!/Ns! (~ [ Q1500 fOI’ zJSPb)
% O_'.“'w - — .OO'O.
e . O | — ®
Q e _0O
se\'. e

e Manage using algorithmic trickery - still significant graph contractions

e TACO @ MIT (cf TCE, Cyclops) http://tensor-compiler.org

- general purpose tensor contraction compiler framework
- target to QCD specific problems (sparsity patterns, ...)

- Allow efficient exploration of methodology

.!effe?son Lab 42


http://tensor-compiler.org

QCD for nuclei - Halide & Tiramisu

e Extend Tiramisu to accomodate LQCD & CUDA

Nucleus

Tiramisu
(Code Optimization) - Tiramisu Quark

[ Distribution/Communication (MPI) ]

FPGA GPU Parallel
| (Xilinx) (Nvidia) X86 :
Proton Neutron
- J v

« Proof of concept for conjugate-gradient inverter -  1.2x

« Significant speedups for tensor-contraction construction -

e Open source release of the improved Tiramisu & Halide DSLs

http://tensor-compiler.org

J)effe?son Lab

[See poster session]

Proton Neutron

?-}

Quark
lines

o

Proton Neutron

90x
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http://tensor-compiler.org

QCD for nuclei - going to physic quark masses

e Reduce the volume scaling cost by reducing the volume! [See poster session]
Ncontractions = Nu/Nd/Ns! (~ 101500 for 208Pp)
Restriction: Aggregation over sites

See—
EEE——) I:I \a. SSssssccas f%:

« Combine with optimized block constructions — substantially reduces cost

Correlation function

0.80 .
05 "o Sparse (=) and full (e)
' " S effective energies for the

0701 °e PPafaagmad,®Feassy® | pion at various different
= & g momenta
50.65- . dadfggd@aadd@a@Bad g
S @

0.60 - "--------------J---

0.55+

$ =0 é i=(1,1,0) $ 7=(2,0,0) . ) )
0.50 . . . . Calculations in progress for nuclei
0 5 10 15 20
t/a
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SciDAC-4 is a partnership

o Strong existing partnerships with ASCR & HEP supported community members

e SciDAC a huge boost for LQCD & NP

- present science was not possible 10 years ago

- fresh perspective on entire program

 Is significantly impacting our calculations
- huge advance in gauge generation - accelerated our science campaigns
- accelerating analysis campaigns on leadership & local resources

- better tools for (more easily) improving performance

9 p!

cientific Discovery
through

Advanced Computing
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