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From quarks to nuclei

* Nuclear physics: an emergent phenomenon of the
Standard Model

* Like the proton, nuclel are SM eigenstates
* How exactly do nuclel emerge from the SM?

e |ssues

* Recent progress

* [uture prospects
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QCD Spectroscopy

Measure correlator (X = object with g# of hadron)

Ca(t) =) (0]x(x,t)x(0,0)|0) (@) = T(2)ysd()
N _ e e
e Unitarity: 2_n 7)(n| =1 : o

=" (0]x(x, t)[n) (n]x(0,0)|0)

Hamiltonian evolution

=3 "N e EutePx (03 (0, 0)|n) (n]x(0, 0)]0)

X n

Long times only ground state survives

= e PO1(0: 01X (x0, 1)|0)[* = Z e PO



Effective mass

o Construct M(t) =1n[Cs(t)/Ca(t +1)] == M

* Plateau corresponds to energy of ground state
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by M(t)
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* [ancier techniques able to resolve multiple eigenstates



QCD: meson/baryon spectrum
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[recent review: A Kronfeld, 1209.3468]

points correspond to calculations by different groups



QCD: meson/baryon spectrum
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QCD: meson/baryon spectrum
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Nuclear physies from LQCD



Nuclear physies from LOCD

e (Can we compute the mass of 2%8Pb in QCD!?




Nuclear physies from LOCD

e (Can we compute the mass of 2%8Pb in QCD!?

* Yes




Nuclear physies from LOCD

e (Can we compute the mass of 2%8Pb in QCD!?

* Yes

OITq1(t) - - - q624(t)q1(0) - . . G624(0)0)




Nuclear physies from LOCD

e (Can we compute the mass of 2%8Pb in QCD!?

* Yes
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* Long time behaviour gives ground state energy
up to EW effects
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Nuclear physies from LOCD

e (Can we compute the mass of 2%8Pb in QCD!?

* Yes
(O[T'q1(?) - . - g624(t)q1 (0) - - . G24(0)|0)

* Long time behaviour gives ground state energy
up to EW effects
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An (exponentially-hard)? problem?



An (exponentially-hard)? problem?

e Complexity: number of
Wick contractions = (A+2)/(2A-2)!

T e (t)as(ty)al (t2)al (t2)d; () as(ta)



An (exponentially-hard)? problem?

e Complexity: number of GeV
Wick contractions = (A+2)/(2A-2)!
200 Mpp
| | I
al(tr)al(ty)a;(tr)ai(ty)al (t)al(t2)a;(tz)aq(ts)
e Dynamical range of scales M
(numerical precision important)
3 I/
094 M;
0.25 AQcp
0.005 Mg




An (exponentially-hard)? problem?

. O/ D+ 994 kev
e Complexity: number of
: . 1/2-,3/2- 904
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* Small energy splittings and large
objects




An (exponentially-hard)? problem?

. O/ D+ 994 kev
e Complexity: number of
: . 1/2-,3/2- 904
Wick contractions = (A+2)/(2A-2)! a2z —ri—ues
3/2+,5/2+ 777.6
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. af2-,7/2- " 297.8
* Dynamical range of scales 6/2:13/ 24 -t {551
, C o : 7/2+ —f 499.1 2.2 PS
(numerical precision important)
R o2 3f2 T -364.1 - - -
* Small energy splittings and large
objects
* Importance sampling: statistical
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noise exponentially increases with A~ ;‘BLOMLE__



I'he trouble with baryons

* Importance sampling of QCD functional integrals
» correlators determined stochastically

* Variance In single nucleon correlator (C) determined by

0?(C) =(CCT) = {(C)f
* [or nucleon:

signal  oxp [—(My — 3/2m )]

noise

e [or nucleus A:

signal _ exp [—A(MN — 3/2mw)t]

noise

[Lepage '89]
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I'he trouble with baryons

* Importance sampling of QCD functional integrals
» correlators determined stochastically
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I'he trouble with baryons

High statistics study using anisotropic lattices (fine temporal resolution)
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I'he trouble with baryons

High statistics study using anisotropic lattices (fine temporal resolution)
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Multi-baryon systems

* Showed that the study of nuclel was feasible
e (Contractions still demanding

e Recent studies

e NPLQCD
* PACS-CS
e HALQCD

* Resurgence in development of formalism to understand
what Is measured



Bound states at finite volume

* [wo particle scattering amplitude In infinite volume
A(p) Sl ! scattering

~ M pcotd(p) - ip/_ phase shift

bound state at p* = —* when cot d(iy) = i

* Scattering amplitude In finite volume (LUscher method)

cot5(fm):z'—ize| Ko— 7
o

m|kL
* Need multiple volumes

* Volume dependence set by binding momentum

* More complicated for n>2 body bound states
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Multi-baryon systems

* Many baryon correlator construction is messy
and expensive, but now feasible

* Efficient contraction algorithms developed in
many-pion studies (up to /2 pions!)

[WD & M. Savage; WD,, K Orginos, Z. Shi; T. Doi & M. Endres.; WD, K Orginos]

* Enables study of few (and many) baryon systems
e NPLOQCD collaboration

e Unphysical SU(3) symmetric world @ msPMs

* Multiple big volumes, single lattice spacing

NB: SU(3) symmetry leads to unphysical degeneracies gt 1T
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Empirically investigate volume dependence

i
|

Need to ask if thisis a 2+ or 3+ 1| or 2+2 etc scattering state
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Periodic table

140 - @ 138MeV (Expt) -
I m 390 MeV [NPLQCD] T
120~ v 500 MeV [PACS-CS] “He -
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* Significant competition from PACS-CS and HALQCD (Japan)
Also from groups in Germany



Nuclei (A=4,8,12,..)

Quark determinant based contraction method

(low statistics, single volume) WD, Kostas Orginos, [20/.1452



Nuclei (A=4,8,12,..)

Quark determinant based contraction method
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Nuclei (A=4,8,12,..)

Quark determinant based contraction method

5Be (SP)
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WD, Kostas Orginos, [20/.1452



Nuclei (A=4,8,12,..)

Quark determinant based contraction method
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Nuclei (A=4,8,12,..)

Quark determinant based contraction method
10 (SP)
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Nuclei (A=4,8,12,..)

Quark determinant based contraction method
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Hyperon-nucleon interactions



Hyperon-nucleon interactions

e (Observation of 1.9/ MQ N-Star [Demorest et al, Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free quarks”
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Hyperon-nucleon interactions

e (Observation of 1.9/ MO N-Star [Demorest et al, Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free quarks”
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2 n interactions

* Scattering in Euclidean space!

* [wo particles In a box

* Figen-energies depend on
interactions (Ludscher method)

EBB7 EB — {scat — D cot 5(p)|pZQScat

* Use finite volume energy levels to

determine hyperon-nucleon phase
shift from QCD

* Match to effective field theory to
extract phase shift at physical mass

— NSC97f
-- Juelich '04
— EFT

0 1 (I)o 200 300 4(|)0 500
P ag (MeV)

Phys. Rev. Lett. 109 (2012) 172001



2 n interactions

* Influence on EoS Is complicated

* (Crude approx: Fumi's theorem

— Nuclear matter
AE = —2 kfdkk[gé (k) + = (k)]
T A 2" 90

e For p, ~ 0.4 fm™°,
Ly + te— ~ 1290 MeV

AE MeV) X

¢ If
s = My, +AE < 1290 MeV

then 2°s may be relevant to
n-star structure

Phys. Rev. Lett. 109 (2012) 172001



NN Phase shifts

- R
e Measurement of multiple energy sof S s Lam
levels allows extraction of phase 8 N T
. &0 e
shifts g | h g
e Ex:3S| phase shift at m;=800 MeV 0 \ \
a1 — 1.82-_F8-%§4_-8-g fm S 0.9064_‘8-8%1'8-822 fm _50(; 0.1 02 03 0.4 0=.5 0.6 0.7
1570 0 o
a0 /r5) = 2068307
15 1S9) +0.23+0.29
al O)/’r( o) = 2.0275679 018 |
e cf fine-tuning of NN at physical 2
mass =33
3.0
* Wigner SU(4) symmetry .
' 6 7 8 9
mﬂa(351)

NPLQCD 1301.5790



What does the future hold?

Physical quark masses, isospin breaking, E&M(?)
Precision YN, YY phase shifts

p-shell and larger nuclel

Three body information: nnn, YNN, ...

Properties of light nuclel (moments/structure) and
electroweak interactions

Nuclear reactions(?): eg d+d in *He channel



From quarks to nuclei

* Nuclear physics Is an emergent phenomenon of the Standard
Model

* What does it take to make this a quantitative
statement?

* Big computers and good ideas

* New endeavor in LQCD with a promising future

* Strong connections to experimental programs
at JLab, FRIB, and FAIR

* Answer questions that experiments have not and can not
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