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EVERYTHING ELSE,
DARK ENERGY INCLUDING ALL STARS, DARK MATTER
PLANETS, AND US




4% is ATOMS!
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The Nature of the Visible Matter in the Universe

Dictated by the Standard Model:

gravity

electromagnetism:QED A

weak mnteraction

strong interaction: QCD




The Nature of the Visible Matter in the Universe

Dictated by the Standard Model:

gravity

easy! electromagnetism:QED A

weak interaction

hard! { strong interaction: QCD




QUANTUM CHROMODYNAMICS

proton . pion (7)
000 anti-quark o0

QCD = rules for making hadrons from quarks and gluons




Complicated strong coupling problem!

Mass Budget

a4 )

gluon mass = 0

up quark mass ~ 3 MeV

down quark mass ~ 5 MeV

proton mass ~ 940 MeV

proton



Complicated strong coupling problem!

Mass Budget

4 D

gluon mass = 0

up quark mass ~ 3 MeV

down quark mass ~ 5 MeV

proton mass ~ 940 MeV

proton

~ 4% is QCD interactions!



Is Higgs the origin of mass??



Is Higgs the origin of mass??




Nuclear Physics: two layers of complexity!!

proton
/ @ quarks
— gluons
/ \ @ anti-quarks
QCD

@ quarks

_—

— gluons

\ @ anti-quarks

neutron



Why do 1it?



W Nuclear physics with quantifiable uncertainties!

W Dependence on fundamental parameters of nature:

as ae mu md ms

Hypernuclear physics
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LATTICE QCD = QCD ON A GRID OR LATTICE

volume:  M_[, > 1

@ lattice spacing: b <K M]GI

}b

Can use Effective Field Theory to extrapolate in L and b!

(systematic uncertainties fully controlled)




QCD path integral with Montecarlo (@)
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Lattice QCD Economics




The QCD vacuum (Massimo DiPierro)
® ~ FF(0)FF(z)




Why 1s 1t hard?



Why 1s 1t hard?

O Signal/noise and statistics

O Number of contractions



Correlators in Euclidean Space

Tt (x,t) = u(x, t)ysd(x, t)

Crt(t) = ) (0] 7 (x,2) 7(0,0) |0)

7t (x,t) = eftnt(x, 0)e 1t

Coit) = 3 ;t Z (0] 7 (x, 0)[n) (nfr*(0,0)[0) — Ay &’

n
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Infinite sum of exponentials: Fyg = m - %l°g(c,r+(tf)t.,))

2m,
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signal/noise problem = quark identity crisis!

a2

Am | in a baryon or in aE
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“Golden window” persiststo A > 1
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Contraction bottleneck for 4 > 2 ?

Naive factorial growth!
np: 36

nnp: 2880

npnp: 518400

(AZ):  (A+Z)! (2A-Z)!

[ Recursion relations for mesons — A growth! ]

Very recent progress for Baryons!
(Detmold,Orginos)



* NNN interaction from LQCD
* Alpha particle

« Continuum extrapolated results for EoS and T,
« Universal properties of QCD at non-zero
temperature

(Deuteron axial-charge

High temperature limit
of the QCD EoS

Precision meson-meson
interactions

Neutron

D
N °
Baryon baryon interactions J

Baryon -meson interactions

/ "\
\ : = Energy
First calculations of the Fusion
parity-violating weak force
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Scattering in a finite volume

R < L/2




Recall NR scattering

sum of poles in a Finite Volume!

45'm) =0)

eigenvalue equation



S-wave at Finite Volume
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Weak coupling expansion:

_ erazg{l _ (?rvr_z)z+ (‘;;2)2 [Z2 - J] + (%)3 [_13 +31'J—IC] } + 8;2:223 Prr + O (L77)

HEIY
T = ,\hm ;} [ — 4mA; = —8.91363201781

1
J =) fijE = 16.532315959
i#0

Calculated on |
the Iatt|Ce| phase Shlﬁ: K=§)ﬁ%=8.401923974433

AE = 2¢/mZ+q? —2m,




What about bound states?

8T 1 : :
[ Az(p) = M p oot 6(p) — ip > cotd(iy) =1 }

e—|m|;<aL

Finite-V: cot §(ir) =i — i )

lm|xL
m=+~0

6 e " —V27L
[ H_’Y+El—7r3+0(e )

Need several volumes!



7U7C  scattering in lattice QCD

' H;olé L O'n'"' (t,C—U’) — ﬁ(t,f)’y_f‘)d(t,ﬁ)

C(p,t) = (0 Y > PO, _(t,x) O, (ty) Or+(0,0) O,+(0,0)[0)

lp|l=p XY
4 00 N
C(pa t) — Z An e_Ent
n=0
. /

Need several levels to get phase shift!



FV Corrections!?
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m. ~ 389 MeV  PHASE SHIFT DATA
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Baryon-baryon interactions




The simplest nucleus:

Fundamental
benchmark for

Lattice QCD!

By = 2.224644(34) MeV

deuteron
000000



IR
== Deuteron binding still ambiguous..

PACS=CS
25~
O ng=2+1
20 - Q) ng=0
- o Experiment
> 15
)
= 10 :
S
5
a ®
0
_5 1 1
0 200 400 600 800

My (MeV) B, = 2.224644(34) MeV

Fundamental benchmark for Lattice QCD!



Nuclear physics

Experiment:

~23714 fm  r,5° = 2.73 fm X
; 5425 fm 51 = 1.749 fm

) d .~ L .
as > Agep fo = ng,G = ~Go(G -1
B
% C
Trivial IR fixed point: Nontrivial UV fixed
“natural case” point: “unnatural case”

“Unitarity”



a ('s,) [fm]

Why is nuclear physics near this UV fixed point??

10
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-30

m*
)
I T
UNITARITY : :
LIMIT possible trajectory .
¢ Experiment a1 My — M A
s QCD
Mo

.

I . | 1

0 100 200 300
m_ [MeV]

Lattice QCD will answer this question!



What can we
measure that we
do not know?



Neutron Star Core




Neutron Star Core




BB SU(3) flavor decomposition
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Energy-Momentum Relation

0.26 - |k|2 |k|4
Ex = M 1 i
- A o + oM, 8M23 +
024 ¢
AV
\2 0.22135(10)(05)
X M; = 0.2231(34)(13)
0.22 - M, = 0.261(26)(04)
0 0.005 0.01 0.015
k> 1wy

Special relativity satisfied!




Is there an H-dibaryon!?

In SU(3) limit:

With SU(3) breaking:

AA — XY — NZ coupled channels!

Need isolated G.S.! /




243 x 128

j=3,  ¥/dof=0891928, fit 22 - 42
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The Bottom Line
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preliminary! [ B?{uadratic = 7.41+21+058 MeVJ




What about the continuum limit?

%W errors scale as O (b2)

w  coefficients of Symanzik action are different!

% Lorentz breaking operators are small!

Need smaller lattice spacing!
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Match to Effective Field Theory! (PolinderHaidenbauerMeissner)

®
LO potential: ><+ m, K, n
o

A

Fit LEC to binding energy B, s

Now we have LO EFT potential at ALL pion masses!
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331 nx— N

10 of SU(3)
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Liuscher’s method valid ? ?

R<L/2 77



3-dimensional Schrédinger equation in finite volume

EFT
\ Potential

Fit to Lattice QCD energy levels directly!!
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S U (3) Isotropic Clover

Nf:3

b~ 0.145 fm
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Everything is bound!
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Expected continuum levels:

. L=24 , p|=0

L=32, |p|=0

‘ L=48 , |p|=0

“Heo* p+p+n+n  d+p+n  mu+p+p nn + pp d+d *He +n

High density of levels at the symmetry point!




Conclusion

The H-dibaryon is bound at unphysical quark masses. Naive
chiral extrapolation of the existing lattice data indicate that at
2-sigma level H can be unbound or independent of the quark
masses. Need smaller pion masses and smaller lattice spacing!

The deuteron is unbound at one sigma. Basic expectations of
flavor SU(3) are realized in the BB system.

Physical predictions of the 1=3/2 nx~ phase shifts are in
agreement with EFT results, and can be used to study the
relevance of hyperons in dense nuclear matter.

Spectrum of light (Hyper)Nuclei at the SU(3) point are now
being mapped out.

Lattice QCD is making predictions for nuclear physics!!
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