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Lattice QCD



LQCD - a new type of experiment!

(]
a
-

Nir Barnea (HUJI)

EFTLQCD 3 /22



LQCD - The Single Baryon Case

Lattice QCD
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LQCD - Few-Body Baryon Spectra

‘ 2-body system - Deutron, dineutron,... ‘

3-body system - *He, triton

4-body system - “He

NPLQCD Collaboration, PRD 87 034506
(2013)
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LQCD - Few-Body Baryon Spectra

LQCD
o LQCD calculation are done in finite volume

o For 2-body systems Luscher’'s approach is used to extract free-space
information

o The 3,4,...-body case is more complicated
o Natural quark masses demand large volumes
Our aim

To extract the free-space data by fitting an appropriate EFT to the finite
volume LQCD results.
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Few nucleons in a BOX



Box with periodic boundary conditions

the free space Schroedinger equation @ = {x1,®2,...,za}
A V2
[-> v V()] () = BU(x)

i

Is replaced by the box equation

-5

o, - VL(QB)] Uy, =FE ¥y,

where the potential is replaced by a sum over all mirror images

Vi(xi,@2,...,24) = Z V(ei+niL,xe+n2L,...,24a+n4aL)

ni,ma,...Nn 4

Solution
Asymptotic solution - Luscher's formula [Luscher (1986)]

Exact solution - Box SVM (Gaussians) [Yin & Blume (2013)]
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Luscher formula for 2-body bound state

The free space Hamiltonian with V'(z) a short range potential
Hp :T+V(m1 —1!2)
The box Hamiltonian

Hp =T + Vi(z1 — @) Vi(z)=> V(z+nL)

Let U be an eigenstate of Hp
HpVp =FEprVrp

For large L we expect ¥y ~ Up.

The trial function

‘Ilo(z)=Z‘IJF(z+nL) z=x1 — X2

is an periodic function, therefore a legitimate solution.
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The 2-body Luscher formula (continue)

The free space Hamiltonian with V'(z) a short range potential

Hp Uy = <T +) V(z+ n’L)> > Ur(z+nl)

n
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The 2-body Luscher formula (continue)

The free space Hamiltonian with V'(z) a short range potential

Hp Uy = <T +) V(z+ n’L)> > Ur(z+nl)

n'

=3 (T+V(z+nL)Yp(z+nL)+ > V(z+n'L)¥r(z+nL)

—_—
® Hp n/#n
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The 2-body Luscher formula (continue)

The free space Hamiltonian with V'(z) a short range potential

Hp Uy = <T +) V(z+ n’L)> > Ur(z+nl)

n

=3 (T+V(z+nL)Yp(z+nL)+ > V(z+n'L)¥r(z+nL)

n Hp n'#n

=Y Er¥r(z+nL)+ » V(z+n'L)¥r(z+nlL)

n'#n
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The 2-body Luscher formula (continue)

The free space Hamiltonian with V'(z) a short range potential

Hp Uy = <T +) V(z+ n’L)> > Ur(z+nl)

n

=3 (T+V(z+nL)Yp(z+nL)+ > V(z+n'L)¥r(z+nL)

n Hp n'#n

=Y Er¥r(z+nL)+ » V(z+n'L)¥r(z+nlL)

n'#n

= ErVo(2) + n(2)
where

n(z) = Z V(z+n'L)Vp(z +nl)

n’'#n
Now
(Wo| Hr|¥o) (Wolm)
ET (Wl Wo) T {(Wolwo)
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The 2-body Luscher formula (continue)

For a short range interaction, asymptotically with kL > 1.

It follows that <\IJ0|\IIO> ~ Nbozes

AEL = SN /dzqﬁ +n"L)V(z+n'L)¥p(z+nlL)

bozes
n'’ n'#n
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The 2-body Luscher formula (continue)

For a short range interaction, asymptotically with kL > 1.

It follows that <\IJ0|\IIO> ~ Nbozes

AEL = >N /dzqﬁ (z+n"L)V(z+n'L)Vp(z+nL)
bozes ' nidtn
Y /dz\lﬁ 2)Up(z+nl)
In|=1
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The 2-body Luscher formula (continue)

For a short range interaction, asymptotically with kL > 1.

It follows that <\IJ0|\IIO> ~ Nbozes

AEL = Z /dzqﬁ +n"L)V(z+n'L)¥p(z+nlL)
bozes ' nidtn
Y /dzqﬁ 2)Up(z+nl)
|n|=1
Z / 'l' A 7l<e|z+nL\
dz0j( —
Rl |z +nL|
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The 2-body Luscher formula (continue)

For a short range interaction, asymptotically with kL > 1.

It follows that <\IJ0|\IIO> ~ Nbozes

AEL = Z /dzqﬁ +n"L)V(z+n'L)¥p(z+nlL)
bozes ' nidtn
Y /dzqﬁ 2)Up(z+nl)
|n|=1
'l' 7l<e|z+nL\
dzW( Ai
n§|:1/ ) |+ nli
Consequently
e "k V3L
AEL=C +O0(e )
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Exact solution - Box SVM

Gaussian basis

©

o Variational

o Allows for analytical evaluation of matrix elements - even in a box

o The price is summation over all the particle box configurations

©

Usually converges with 5-9 boxes in each dimension.
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Analysis of NPLQCD data

The 2-body case
Pion mass m, = 806MeV
We use #EFT at leading order

NPLQCD m, = 806MeV nn

LQCD m; = 806MeV/
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Analysis of NPLQCD data

Comparing to the “experimental” data
The LECs are fitted to the reported free-space results

LQCD m, = 806MeV
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Analysis of NPLQCD data

Fit to all reported data

LQCD m, = 806MeV - nn
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Analysis of NPLQCD data

New free-space estimates
LECs are fitted to all available data points

LQCD m, = 806MeV - nn LQCD m, = 806MeV - np
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Analysis of NPLQCD data

The 3-body case

LQCD m, = 806MeV - 3He
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The natural case

In nature light nuclei are weakly bound
The asymptotic energy appears at large volume

Physical triton in a box
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The Luscher formula

We try fitting to

A 67H2L
Ey=Coi—
2 02 HQL
—k3L

AF3 =C3———
3 3 :‘igL

Here ko = vVmpy B2 and k3 =

Physical deuteron in a box

10%
g T RS
=) = 3
= g 100 LN
< <
10 =y
107! 33
S -
EFT A =2 fm™! = EFT A =2 fm™!
® EFTA=4fm! ® EFTA=4fm!
107! 102
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
L [fm] L [fm]
Nir Barnea (HUJI) EFT LQCD




Magnetic Moments




Magnetic background fields

Magnetic moments and polarizations
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Magnetic field

The #EFT Lagrangian at NLO

. A 1 . oA
£:NT{(z@ofeQAo)+%<szeQA> +qM2—U B}N

+ Cr(NTPN)?> 4+ Cs(N'P3N)? + Dy (NTN)® +
+ Li(NTP,N)Y(NTP3N)B; + Laiei;(NTPiN)(N'P;N)By

The magnetic current
The one-body current

A
e :Zﬂ [gp+gno7_+gp*gn

2m 2 ) 2

=il

0‘1'7'1:,2]
The two-body current

p® = Z[Ll i = 0)(Tiz = Tj,2) + La(0s 4 05)] 6a(ri)

1<g
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The magnetic LECs

Observables 30

The deutron magnetic 25 -
moment fiq _20rF
& 15t
2 10|
The A = 3 magnetic =R
moments pur, U3ye of 0

5k i

.. . =10 .

The transition matrix ‘ ‘ ‘ ‘ ‘ ‘

15 .
element -15 -10 =5 0 5 10 15 20 25 30
1 3 A%L; [nNM £
tor = (*Solul*S1) 1 [N i
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The magnetic LECs

Observables 30 .
The deutron magnetic 25 -
moment fiq _20rF
E 15}
2 10|
The A = 3 magnetic CRas
&) g = 1.218 +0.095
moments {7, U3 i 0
-5
. . —10 -
The transition matrix ‘ :

15 -
element 21510 -5 0 5 10 15 20 25 30
1 3 ALy [nNM f;
tor = (" So|p|”S1) 1 [N i
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The magnetic LECs

Observables 30 .
The deutron magnetic 25 -
moment fiq _20rF
E 15}
2 10|
The A = 3 magnetic CRas
& g = 1.218 +0.095
moments {7, U3 i 0
-5
. . —10 -
The transition matrix ‘ ‘ :
element -15 -10 -5 0 5 10 15 20 25 30

2 )
to1 = <1SO‘IJI|351> A*L; [nNM fm)]

Observations

my = 140MeV - Consistencey between the different observables

myx = 806MeV - Error bars too large, to1 a bit off
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Conclusions




Thanks
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