U

fes@sll  UNIVERSITAT DE BARCELONA
Institut de Ciencies del Cosmos

AR TR

Exotlec Nuclear Systems from Lattice RCD

Assumpta Parreino (U Barcelona)

NPLOQCD Collaboration

ELBA XIV workshop on Lepton-nucleus scattering
June 27 - July 1, 2016 @ Marctana Marina, tsola d’elba

b AT Generalitat de Catalunya
T DEESPANA  DECENCIA | | Departament d’Economia
gz E INNOVACION St A i Coneixement




“strange” experimental program

Jlab ,
* Electro-production -
* A-hypernuclei

STAR/PHENIX@RHIC
* Hl colider

* anti A-hypernuclei

* exotic states

- y-ray spectroscopy

" KAOS @ MAMI

... PANDA atFAIR ~ COSY @ Jiilich SPHERE at JINR
0 * Anti-proton beam 3

* proton beam * Heavy ion beams
\_* ANinteraction __— * Single A-hypernuclei

<~

\ HypHI at GSI

* Heavy ion beams
» A-hypernuclei at extreme isospin
* Magnetic moments

* Double A-hypernuclei

* Q hypernuclei

* Electro-production
e A-hypernuclei

ALICE @ LHC \ o :

~ « HI colider : \ W KEK
* anti A-hypernuclei  £INUDA at DA®NE « Stopped K- reactions
* exotic states

. e*e collider e A and A A—hypernuclei
» Stopped-K- reaction .
* A-and Z-hypernuclei

J-PARC
* y-ray spectroscopy

* High-intensity proton beam
* A and A A-hypernuclei

* v-ray spectroscopy for A-hypernuclei
* 2 and E hypernuclei

updated from J. Pochodzalla, Int. Journal Modern Physics E, Vol 16, no. 3 (2007) 925-936
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Calculation of the properties and interactions of nuclear systems (A=1, 2, 3, ...)

including exotics (strange and hidden-charm)




L > relevant scales > b

L finite number of d.o.f
(finite volume)

[’xT

A’mjn =2b  shortestwave length x=D>b (nl, n,, N3, n4) n

. 2m

L >zpmax =nmaX_ A a1
L 2Nb@

x,=mb, withm,=0,1,2,..N~1, and L=Nb

(larger wave vector)

For numerical calculations in QCD, the theory is formulated on a (Euclidean) space-time lattice

((anti) periodic (time) spatial boundary conditions) Ns x Nyx Ny x Ny



L > relevant scales > b

L finite number of d.o.f
(finite volume)

[’xT

x =b(n,ny,ngn,) n; €17

J

Liischer, 1990

L
R<—
L 2

nucleon-nucleon scattering

= m_L>>1 (infrared cutoff)

b << L (ultraviolet cutoff)
MN
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U,(x)
—>

gluons
(gauge link)

xX+bl
P exp (i J dx, AL™ (x))
X

(in the continuum)

U,(x) € SU(3)



K
L’XT quares gluons
(gauge link)

LOCD is a non-perturbative implementation of
Field Theory, which uses the Feynman path-integral
approach to evaluate transition matrix elements

© DESY and T. Luu (LLNLab)



Our continuous Path-Integral (QCD partition function):

Z — J‘D(p(x) e—iSQCD[(P(X)] — JDU Dl/7 Dl// e_iSQCD[U’ v, l//] y J‘DU Dl/7 Dl// e_SQCD[U, 7, 1//]

t——it
U ~ ighAy, ) oscillating phase decaying exponential
X
\ J
|
w(x) The weight of each path
N is a real positive quantity

g | LOCD is a non-perturbative implementation of
Field Theory, which uses the Feynman
to evaluate transition matrix elements




Our continuous Path-Integral (QCD partition function):
7 = JD(P(X) e_iSQCD[(P(x)] _ JDU DW Dl/j e_iSQCD[U’W’W]

5 j DU D Dy ¢ *ecel-7-V]

t——it
U. ~ ighA,, ) oscillating phase decaying exponential
X
\ J
|
y(x) The weight of each path
N is a real positive quantity

4= f <l U[dqf][dqf] e ~SolVI=Zpay(PlUl+my) as

= f[dU] e_Sg[U]l_[[dqf][dqf] e_ZfC_If(D[U]+mf) ar
f

_ f [au? | 5ol | [ det (D01 + my) ~ P(U)
f

Boltzmann weight

BASIS OF NUMERICAT
SIMULATIONS



expectation values

When computing expectation values of any given operator O, the quark fields in O are
re-expressed in terms of quark propagators using Wick’s Theorem: write all possible
contractions for the fields (removing the dependence of quarks as dynamical fields)

O O
y

0. (x,y)=u(y)it(x)

(0(U,q,9) = %f[du] H[dqf][dqf] 0(U, q,q) e~Ss'U1-2s ar(DUI+my) ay

f
1 —_—
:Ej[dU]n(D[U] +mg) " det(DLU] +my) e~SslV]
f
| E—
- 0)=— O[O, )
quark propagator W< > N g, [OWU,)"']




LOQCD algorithm

1. Generate an ensemble of N gauge-field configurations {U;} according to
the probability distribution P(U)

Z= J[dU] e =51Vl U det (D[U] 4+ my) ~P(U)

Boltzmann weight

2. Use the N gauge-field configurations previously generated to calculate the
quark propagators on each configuration Q* [Uj] ~(D[U] + mf)

3. Compute correlation functions (expectation values of local gauge-invariant
operators):

valence quarks sea quarks

! !

©W,q,2) = » 1401 [(0101 4 m) det (0IV] +my) &S5t
f

- - _/
N~

Y
propagators configurations (~P (U))




1 Repeated inversions are done using iterative solvers (CG)
(DLUT + my) Computational cost ~ condition number ~1/m;y
For light quark masses (u,d) this factor the cost is very large

L Use large values of the light quark masses

| b L] 1 ! USE UNPHYSICAL VALUES OF THESE PARAMETERS
- LATTICE ARTIFACTS

sources of systematic errors in the numerical calculation
finite volume L, discretization (finite spacing) b, value of the light quark masses

EFT | Extrapolations

hysical
m, — m;’ Y




Ground-state hadronic energies

Our method consists in a direct extraction of the energy levels from LOCD
calculations of correlation functions for the one, two-, three- and 4 baryon
systems in the non-strange and strange sectors.

One can use these energy extractions to obtain information about the binding
energy of the system, on the scattering parameters, magnetic moments,
polarizabilitites, etc.

We use different method analysis to ensure a robust extraction of the g.s.:
v Multiple exponential fits
v’ Matrix-Prony method
v" Generalized-pencil-of-function method



Formalism: Direct Lattice QCD extraction <—— Compute correlation functions

C(T.pt)=Y, ™ I (J(%.0)J(%,.0))

==

tl <« tO
t

C(0)=(0]p)9 (0)]0) — (gle™|9) = 2<¢|e-Hf|n Nnlg)y= D [(g|n) e

pt)=e"pe ™

Effective mass plot > extract the g.s. energy
(mass) from plateau

llog CA(t)

=F m
t, ~C,t+t) (m,)

20 (F.0) = "5l (.0)(uf (2.0)Cys 5" (E0)

larget V¥
—Eq
Zye ™
0 271\{[ excited states
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0-251 S (statistical noise)
S
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anti-periodic bc in time
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noise-to-signal Lepage, 1989

pions: nucleons:

1 o 1 3m,
<C>%\/N <C>~ \/NXGXP(MN_T)I

for baryons, the noise grows
exponentially with time

NPLQCD, Phys.Rev. D84 (2011) 014507
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hadron-hadron scattering?




For two non-interacting particles . 2
of mass min a volume L? and zero E,=2\m’ +|p| = 2\/m2 + (—‘n‘) N EZ
CoM momentum : L
A

L fixed E

o
//
7

spectral function
energy spectrum

b




two interacting particles of mass m

. o\’

in a volume L3 and zero CoM E #2 mZ_I_(Tj " ,n. ez
momentum :

A
L fixed E
A AN AN AA

T I —>
i N S

L, E E, E

spectral function o
shift in the energy spectrum

Ltischer, Hamber, Marinari, Parisi, Rebbi (QFT);
Uhlenbeck 1930°s; Bogoliubov 1940°s; Lee, Huang, Yang 1950°s

Two particles placed in finite volume suffer from energy shifts, AE, which depend
on their interactions




We extract the energy of the interacting system of hadrons for a given{m,, , L, b}

G, ()= — Aje

0450
0.448
0.446
0.444 |
0.442
0.440
0.438

0436

Can @) B

Co(0) Ci(0)

1
tJ

log

G(1)
G(t+t,)

AEppy = Epp — Ep —Ep

10 20 30 40 |1 |]]k0 60

0.224
0223}
0222}
0221}

0.220
0

— extract AFE




We can also extract the energy of the interacting system for a given {m,,, L, b} set

Cya (1) W ! G
G. ()= N A — —log — extract AE
an (@) C.(C.(0) Ay e t, G(t+t,)
0.015
0.010 : :
. Negative energy-shift
= 0.005
20
; _0.005* II } {} { llo 1l
- . "
~0.010 st H]
~0015 » » S
10 20 30 40
t(t.l.u.)
AA channel

(J" =(—) . AE D)= e"f"s;(ic‘,t)(u"’(ic’,t)c"}’s d"(f,t)))



Scattering states: Beane, Bedaque, Parrerio, Savage, Phys. Lett. B585 (2004) 106-114

L L

p> 4 a a\
AE, =—= l-c,—+c,|—]| +...| Ground state energy shift
0 M 3 1 2
j Recovering M. Lischer, Commun. Math. Phys. 105, 153 (1986) (L>>a)

extract the scattering lentgh

N
i -
Bound states? L/{ >< >O<
M pcoté(p) —
Y,
infinite volume finite volume:
b.s. =y’ L
p .7/ . cot5(iy)|k_. =i—i2 eﬂ
cotS(iy) =i = ol mly L
2 = fyL 2
< =IK
k” <0, k=1 K= 7/+L( F2e ) szyﬁ

Kk —y forlarge L



my - 2mpu ~ - 81 MeV

c ®@ PREDICTION (Bagmodel)
! @

tedbaryon  RLJaffe, Phys. Rev. Lett. 38, 195 (1977); 38, 617 (1977) (E)

NAGARA EVENT, , KEK-E373, Takahashi et al. PRL 87 (2001) 212502

#5

6 5 =
wHeE—>RSIEH- p+ 7

A=2,5=-2,J=0,1=0

AA—-EN-2X

SU3), > ¥, = %(AA +3/35X + 22N

Experimental constraints

B E+2%C-

AA

*He+r+0o

He>N+N+,X

B, (,1He,,)=691£0.16 MeV
—AB,, —2B, =1.01£0.207),{MeV



T T T T T T T T T T T T T T T T T T T T l_ A:2,S:_2,J:O,I:O
' 1 AA-EN-2X
100 F i

g | . HALQCD
= 50F
3 e NPLQCD

: e Mainz

ol 1 &
200 460 600 800 1000 1200 mg physical

m(MeV)

NPLQCD, PRL 106,162001 (2011) n=2+1, by=0.12fm,L:2,25,3,3.9fm, m,= 390 MeV
NPLQCD, Mod.Phys.Lett. A26 (2011) n=2+1, by =0.12 fm, L: 4fm, m,, = 230 MeV
NPLQCD, PRD87 (2013) n=3, b,=0.145fm,1.:3.4,4.5,6.7 fm, m,= 807 MeV

HALQCD, PRL 106,162002 (2011), NPA 881 (2012)
n=3, by, =012fm, L: 4fm m,=469,670,830,1015,1171 MeV



Going beyond A=2

v' Larger complexity as compared to calculations for single hadrons

(A+2)!(24-2))) 'H — 2880 *He — 518400
®
0>( *ﬂ # Wick contractions~ N, ! N4/ N.!
*— —®
- —8 9
o— Detmold & Savage, PRD82 (2010) 014511

Detmold & Orginos, PRD87 (2013) 11, 114512
Doi & Endres, Comput.Phys.Commun. 184 (2013) 117
v Demand larger lattice volumes

v 0) 1 3

Demand better accuracy S B = exp[ A( M, - m._ )t}
R T

M1| M1
2186 3" .- 7/2* 2.520
ST 2 H e v' Small energy splittings in nuclear physics
E2
e Y ! 32" 602 \L
’ 6Lj \“-—di'-uz* 0

1L Need of high statistics calculations




Going beyond A=2

Perform calculations at heavier light-quark masses:

v’ signal-to-noise ratioimproves

v' reduced computational resources to generate
LQCD configurations, i.e., larger statistics

no continuum extrapolation —\L

SU3),

L/b T/b B bm, b(fm) || L(fm) | T (fm) m. (MeV) m.L  m,T N
24 48 61  —02450 | 0.145 3.4 6.7 806.5(0.3)(0)(8.9) 143 285 3822
32 48 61  —02450 | 0.145 4.5 6.7 806.9(0.3)(0.5)8.9) | 190 285 3050
48 64 6.1  —02450 | 0.145 6.7 9.0 806.7(0.3)(0)(8.9) 285 380 1905

L infinite volume extrapolation




no e.m. interactions

BEGE NPLQCD Phys. Rev. D87 (2013) 3, 034506 SU®),
0 I I I I Iil I I I I I I
= =
—20f IES
I =
_a0l
—60} 3
1+ 1+ l"”
2 2 2
< —80
@)
= _100} =
’:? 0+ 0+ 0+
—120}
—140}
—160} 0f
1 2-body
—180} 1 3-body
7 4-body
—200 2' ] 3! 4! ] 3| 3| 3| 4| ] : :_‘ 4.
H nn He He HE AH AHe ZHe AHe H—dlb n-= AAHe

(hadroniclabelsfor (J%,1,s,A) states)




0
-50

2
S 100
-150
=200

many body: EFT + EIHH/AFDMC

I NPLQCD, PRD 2013

_ ' ' ' “| M@ EFT (7)atLO
. * Barnea et al. PRL 2015
: 7Z//7/}7\/
: &g
| \/
f idlag, |

R ]

nn d 3He/’H  “He 5He/5L1 61.1’

© Silas R. Beane @ Chiral Dynamics 2015



Reusing the nuclear correlation functions PRD 91,114503 (2015)
Quarkonium-nucleus

Brodsky, Schmidt, de Téramond, PRL 64,1011 (1990) QrqQ @
(spin-spin correlations in pp scattering)

no Pauli blocking

no quark-exchange A
m,=mg ~ 807 MeV
b =0.145fm EXPERIMENTAL SEARCH PROGRAM
L~34,45and 6.7 fm ATHENNA (Jlab), PANDA@FAIR, JPAC
For the compound system: C4g(t) = <O ‘ Xa(t) )(; (O)|O>

XA = XQro —I

(Rel. Heavy Quark action for the charmonium)



Quarkonium-nucleus m,, = 807 MeV PRD 91,114503 (2015)

—100

Combination of analysis methods (included in the systematics)

I_, one-state, two-states and R(t) = C %;g(t) ()
AB QrQ

S
0
. A
e =20l :
| >
I | | S —40| H
o
mL=32 B =60 }
B L=
— 80!
Nn. dn. ppne °Hen. “Hen. *Hel/y -
0 1 2 3 4




Reusing the nuclear correlation functions NPLQCD, Phys. Rev .Lett. 113 (2014) 25, 252001

Magnetic moments of nuclei

Background field method: Uniform, time-

G. t'Hooft, 1979 : .
ooft, independent background magnetic field

2 a a a a a a a a a a a a a A A a

6r . |- .
o 4ﬂ=2?m B=%'B

o

'—-

B
b b ext
Uu(x)%Uu(x)Uu (x)
1 x,#L-b

UeXt(x):UeXt(x)zl Uext(x): . Uext(x):eiﬂxl
’ 3 1 e x =L-b :

[)’~qu192



Reusing the nuclear correlation functions NPLQCD, Phys. Rev .Lett. 113 (2014) 25, 252001
Magnetic moments of nuclei

Background field method: Uniform, time-

G. t'Hooft, 1979 : .
ooft, independent background magnetic field

6w . |- .
_ o e|B|=?n, B=Z-B
o
E(B)= M+|Q B —u-B=2mB|B +...
2M SE* =E’ —E"
l—'—l

SE® =—2u|B|+y,|B/’

Landau levels

(charged particles)



LQCD calculations of magnetic moments of light nuclei SU3),

Use background magnetic fields

e|B|= 6L—7fﬁ, B=%-B (e|B|~0.0467 GeV?)

From our calculated correlation functions:

c;inct. o .

R(B)= 5 Ze0F"
C? (1) C} (1)
SE*=E  —E’
0cB 2
E(B)=M +=—— Y, —u-B-2mB|B|" +...

SE®=-2u|B|+y,|B’

a SE®

a SE®

mnNSOO MeV

| n ---------
R e N
0.0 ezt

L ) ) |
0.1 p

] o
02 -~

7‘ T | ‘3I_"e‘ -'--L-I‘--"i
ML e |

. I---' |
e —

| - T [ i

| T. -------

T T i —
0.1 I |

i -
02 -

0 1 i 3 4

||

NPLQCD, Phys. Rev .Lett. 113 (2014) 25, 252001



LQCD calculations of magnetic moments of light nuclei

NPLQCD, Phys. Rev .Lett. 113 (2014) 25, 252001

4t SU(3), H

jl’ll’l :O

© www.nersc.gov
Artist's impression of a triton.
Neutrons in blue and protons in
0 red, with quarks inside; the arrows

indicate the alignments of the spins.
Image: William Detmold, MIT

0 I —— ___ ’He |
e e
U [nNM] |-{nNM = M = 20 ) 3
uCH)=pu,
LQCD @ m, ~ 800 MeV Shell-model
dict] u('He) =,
------------ experiment predicuons

ILtd NJLLn + lLLp



Nowadays we have calculations of : Summary & Prospects
nucleon-nucleon interactions
hyperon-nucleon interactions
hyperon-hyperon interactions
first exploration of s-shell (hyper) nuclei at the SU(3) symmetric point (1, ~ 800 MeV)
magnetic properties of light nuclei have been addressed at unphysical values of m,,
the np — dy cross section has been studied (not shown here)

DN NI N NN

We continue our program including:
 analysis of m, ~450 MeV lattice data
* present run at m, ~ 300 MeV

Agenda: light nuclear matrix elements of the axial current, vd — npe
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The nucleon-nucleon system

Major challenge in LQCD calculations for Nuclear Physics:

recover the experimentally known properties of the two-nucleon systems

30
. NPLQCD, anisotropic
25} Yamazaki et al. .

. NPLQCD, isotropic g
~ 20} |
>
©
< 15 {

)
10} 1
5t
P The deuteron
O 1 L L L
0 200 400 600 800

My (MeV)



no clear pattern for the nn binc

@ NPLQCD
@ Yamazaki et al *

()]
o

in progress +

SHe : B (MeV)
D

N
o
——a

00 100 200 300 400 500 600 700 800

my (MeV)

20
‘ NPLQCD, anisotropic
15} Yamazaki et al.
@ N\PLQCD, isotropic l ®
>
§, 10t
E o
Q 5}
The nn system
0 ®
0 200 400 600 800

My (MeV)



np % d’}/ Phys. Rev. Lett. 115 (2015) 13, 132001

[llustration of how the long-distance and short-distance contributions can be isolated with
lattice QCD.

\ E1l, M2, ...
2 2 =2
o(np — dy)= € (7/0 +‘p ‘) X 1‘2 T... / Bethe, Longmire (1950)
M4}/3|]3| M Noyes (1965)
. Z K,\Ye 1 1 ° l _7i_ [
XM1: ] 7 d ><|: 217/0 2(,}/0__+_,,1|]_). 2]_'_7/_0[1] ll—ll— nrK,
12 = 5
——+-r|p[ =ilp| LYo +|p| a, 2 2
a 2
: K,—K, : :
with K, =—" > isovector nucleon magnetic moment
5 _ 1 EFT () Kaplan (1997); Kaplan, Savage, Wise (1998, 1999)
e

van Kolck (1999); Beane, Savage (2001)
1=y,r;



np — d)/ Cross section Phys.Rev.Lett. 115 (2015) no.13, 132001

Detmold, Savage, NPA743 (2004) 170-193

[llustration of how the long-distance and short-distance contributions can be isolated with
lattice QCD.

S, +5. S.+S. ] [leBli, s.-S 7
p cotd, — pcotd, ——— |= +
2L

2L 2 2L

. r
with S, 55[47r2 (p2 i|eB|K1)]

AE3SI’1S0 (E): 2(K1 7 Zjil)i‘é‘ +0(|B‘2)
Il

j . _|eB )
SE., . (B)=AE, (B)—[EP,T—EP’J+[E T—En’i}%2L1%+0(‘B‘2)

n,




np — dy cross section Phys.Rev.Lett. 115 (2015) no.13, 132001

0.4_‘

T lged _ +63 0.3 __\
L' = 0,285 nNM ——— 035 m. ~800 MeV
z
lqud — _4 48+16 fm %‘ 0.21
: P I~ m_~ 450 MeV
0.1r
\\4

qucd:3324j‘7tmb ook, . .
(o‘exP =334.2+0.5 mb) 0.0 0.2 0.4 0.6 0.8 1.0

m2 [GeV?]
= 2200 m/s)

(vneutron

V=32°x96, b~0.12 fm

D ~\ € |7 -2 e : L
AE35 P (B)= 2(1{1 +7%, Zj ll)_‘B‘ +0(|B‘ ) A magnetic field mixes the I = j. =0 np states
/I o M in the 'S, and °S, — °D, channels
L |eB

SE. . (By=AE. . (B)-|E—E  |+|E -E |- 2Llﬁ+0(‘§\2)

n,




