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OVERVIEW

* Multi-hadron states in -~ « Many mesons + a single baryon
attice QCD

* | attice calculation details

* Nlucleons
« Results
* Mesons
- Ground-state energies
N T

» 2- and 3-body interactions

* XPT low-energy constants
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LAT TICE METHOD

(O(t)0'(0)) — (0|O|Eo)(Eo|O]0)e™ !

t— 00




LAT TICE METHOD
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Example: Single baryon
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LAT TICE METHOD
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Example: Single baryon
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MULTI-HADRON STATES

* In principle, can choose operator which produces multi-
hadron states

- Until recently, mostly one and two particle properties
calculated with lattice QCD
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MULTI-HADRON STATES

* Why!

= B

-
>—X - —|—
>—XK

» Small energy splittings ——X

* Numerical precision
* Propagator contractions: (A+2)(2A-2)!
» Statistics

* baryon noise/sign problem

* overlap problem!?
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BARYON SNR

*
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BARYON SNR
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BARYON SNR

Signal-to-noise ratio:

Cn(T) : \/chge—(MN—S/QmW)T

g(T) 1o

-xponentially poor signal-to-noise!




BARYON SNR

Signal-to-noise ratio:
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BARYON SNR
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OVERLAP PROBLEM

ZA =— /DAdet MF(A)e_SYM




OVERLAP PROBLEM
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OVERLAP PROBLEM

Correlator distributions

Kaplan, Endres, Lee, AN. (201 1)
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OVERLAP PROBI EM Kaplan, Endres, Lee, AN. (201 1)

Correlator distributions
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WHAT ABOUT MESONS!?

> SINIRS SRS * Interesting phase diagram (BEC)
* Explore lattice methods for » Possibly relevant for neutron
complex hadronic systems stars
T \
<uysd>=0 __
|"" <7 >#0 <u75d>;.‘5 -----
My |

Son & Stephanov (2001)
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WHAT ABOUT MESONS?

* Multi-meson systems studied extensively by NPLOQC
* Would like to add baryons

* First step: investigate properties of single baryon In
Mmeson medium




WHAT ABOUT MESONS?

 Still have to deal with contractions

» [hermal effects can be large

» Possibility of annihilation diagrams

[
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WHAT ABOUT MESONS!?

» Still have to deal with contractions
» [hermal effects can be large

» Possibility of annihilation diagrams

:> < o Z (Sa.25) 2Sy.¢5y.a)
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THIS WORK:

System Quark content
S (g ) uus(ud)™
SN an uss(ud)™
p(KT)" uud(us)"
n(K+)" udd(us)"™

» Ground-state energies
Wil calculate: + 2- and 3-body interaction parameters

e | ECs - tree-level ChiPT
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CONTRACTIONS NPLQCD (2007)

First let's look at the simpler case for n mesons’

HZ’,@ - Z Z 1Sa(x, ¢ 0, ())’75]1%6’6’7 [S,};(X, 25 0)75}a,a,c,7

ERGV X
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CONTRACTIONS NPLQCD (2007)

First let's look at the simpler case for n mesons’

M2 = 37 37 1540x, 80,01 D[S x,1:0,0)11], o)

ERGV X
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CONTRACTIONS NPLQCD (2007)

First let's look at the simpler case for n mesons’

HZ’,@ - Z Z 1Sa(x, ¢ 0, ())’75]1%6’6’7 [S,};(X, 25 0)75}a,a,c,7

ERGV X

men i 1

‘

| 2x |2 matrix for |2 dof
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CONTRACTIONS NPLQCD (2007)

First let's look at the simpler case for n mesons’

R =) D [5a(x,1;0,0)3]""*7 [S1(x,1;0,0)75] Sl

ERGV X

e

source sink

a
Graphically: :>(
D
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CONTRACTIONS NPLQCD (2007)

First let's look at the simpler case for n mesons’

R =) D [5a(x,1;0,0)3]""*7 [S1(x,1;0,0)75] Sl

ERGV X

e

source sink

; d
Graphically: neea o e up
source Indices "
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CONTRACTIONS

VWe want to calculate:

Cn (1)

NPLQCD (2007)
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CONTRACTIONS

VWe want to calculate:

det(1 + AII)

Cn (1)

We use:

2' Z e

NPLQCD (2007)
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CONTRACTIONS NPLQCD (2007)

VWe want to calculate:

det(1 + AII) = 2' Z)\ S

Then expand: det(1 + M) = ™ InUIFATD

and pick off the terms with n powers of A
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AN EXAMPLE

3 mesons

S _3tr T14]tr(I1

E
R o

[




CO NTRACT‘ O N S Detmold & Smigielski (201 1)

» Easily extended for multiple species of mesons, e.g. pions
and kaons

det(1 + AII) — det(1 4+ A1 4+ kK K)
2 pions, | kaon:

Ch.2 = 2tr| KIIII| — 2tr [ KTI|tr|II] + (tr[II])” tr[ K] — tr[Ktr[IIII]
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ADDING A BARYON

Baryon “block”

BCL,Oé,b,B,C,’Y,)\ = Z [Sql C/YE)]a,a,h,a [SQ2]b,6,’I:,O' [SQ3]C,’Y,j,>\ €h77’7]
O-7h77;7j

source sink
a,
Graphically: b, f — A

7
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ADDING A BARYON

Baryon “block”

Boabpear = ) SO 0,0y 19216, Gy 1Sas)e G @2

O-7h7i7j
source sink
a,
Graphically: B, 8 — \

G




ADDING A BARYON

Baryon “block”

BCL,Oé,b,B,C,’Y,)\ = Z [Sql nyg)]a,,()é,f@[SQQ]b,ﬁ,’@[SQ?)]C,’y,j,)\ €h77’7]
O-7h77:7j

source sink
a,
Graphically: b, f — A

7
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ADDING A BARYON

Baryon “block”

Baaaabaﬁacafya)‘ = Z [Sql C/y5]a,a,h,a [SQQ]I),B,’I:,O' [SQ3]C,’}/,j,>\ ehﬂ’)]
O-ahaiaj

source sink

!
a, O

d
O i)
D

7

Thursday, July 11, 2013



=~ +PIONS, N+KAONS

~ U +pions

d, &

b, 5

only u quarks need to

@
N
.
N

be contracted with pions
€l
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=~ +PIONS, N+KAONS

~ U +pions

€d,b,c (CV5) 3,

d,§ e

¢ 7

|




=~ +PIONS, N+KAONS

~ U +pions

u
d, &
S
€d,b,c (C5)5 5 (1 + 74)7,2 b, b —-
- e
(44 § b2 C, ’)/

4
4
4
P
P
R
---6_—’

Plug In to formula for mixed species
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2. TPIONS, PHFKAONS

>, T +plons




2. TPIONS, PHFKAONS

>, T +plons
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2. TPIONS, PHFKAONS

>, T +plons
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2. TPIONS, PHFKAONS

>, T +plons

Missing diagrams
where baryon
exchanges both
quarks




2. TPIONS, PHFKAONS

d,
< b, B —-

| 24x | 24 matrix




2. TPIONS, PHFKAONS

| 24x | 24 matrix

1T ® 11, 1 ® 11,

1I®1




LAT TICE DETAILS

» HSC lattices
» clover; tadpole improved
* 3s=0.125 fm, at=as/3.5,
m =390 MeV, 323x256
* NPLOQCD propagators
* same discretization as gauge fields

» ~ 200 per configuration
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E N E RGY AMP (1) = In (

SPLIT TINGS
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ENERGY

SPLIT TINGS

proton

neutron

PJK::|

AMP (1) = In (

CB,n(t)/CBm(t =4 1)

[CB(t)/C(t + 1)]|[Cn(t)/Cnlt +1)]

0.010F
0.008¢

0.006 | [4]
= : |
L 0.004f #: _ J

< R

0.002 T}

0.000
—0.002 &

30 35 40 45 50 55
t/b,

60

0.006 [

0.004}

0.000

—0.002 &

30 35 40 45 50 S5
t/b,

60

0.08F
0.06
= 0.04]
0.02}

0.00

0.025F
0.020}
0.015}
= 0.010}
= 0.005}

0.000

—0.005¢

30 35 40
t/b,

t iy

30 35 40 45
t/b,

)

Thursday, July 11, 2013



ENERGIES INA BOX [ F5rigasi s wasem ti008)

* Large volume expansion of g.s. energy for two
species of bosons in a box to O(L*®)

» extension of Ldscher’s relation for 2 particles in
a box

* Includes 2- and 3-body parameters

* Since single baryon carries the spin for the entire
system, can treat like different species of boson
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ENERGIES IN A BOX | "5 e wasem o008)

27TCLMBTL aMB
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ENERGIES IN A BOX | "5 e wasem o008)

2-body parameters

n an B <12+j i 4 CfMM n—l) (1 | MMB)
AN B m g

amMB)° 3 T K an )
—7 il MIC) |
s ( 3 (FLT + ) )@ )

3-body parameter
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PURE MESON SYSTEMS

2-body 3-body
W 4;_ .......................
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PURE MESON SYSTEMS

pIoNS kaons
0.5 020 025 030 035 040 045 050 055
m,a o
EIFIMIC
NPLECD
HSC
Detmold & Smigielski
This work
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2-BODY PARAMETERS
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2-BODY PARAMETERS
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3-BODY PARAMETERS
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TREE-LEVEL XPT { -
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TREE-LEVEL XPT { -

e ((m)#0)

| — m—

cos a H4cTm?= cos a

2
+ |l & gE(EO) | (:35 14 sin® o
SM~

M0y + 4e7'm? cos o

Tree level mass
corrections In
vacuum
2

+ (c5' + ¢35 Fcg + ¢ )ussin® o (cos a=1)

— ,u[\/cos2 a+ (cF + &) 2sint o

Thursday, July 11, 2013



TREE-LEVEL XPT { o
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TREE-LEVEL XPT { o
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I (vacuum)

_ér ((m)#0)
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1 (vacuum)
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+ 1 -independent quark mass terms
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1 (vacuum)

e L EVEL XP ] COSQ =4 m%
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CH EM ‘CAL A 0L stat 9 o (1 5 mjLT,K )%lé
POTENTIAL o

T T T T T ’,:. { °
0.08 ,,,,,, 0.05¢ ; ’J',,¢ ;
: ’,¢/ 0.04 L E ’,,¢ -
B ol e s T Pl
' | ; <l < 0.03}
| = o0.04} S ! 3| = e
S T ! ; 0.02} P 2
002 2 -j Wil
0.00 k= ] 0.00 kez”” -
0 2 4 6 8 0 2 4 6 8§ 10
p7l'L3 Pk L3

5w e very small

* EXpanding mass relations around U = k=M 7 K gIVES
different linear combinations of LECs

» fits much more stable Son & Stephanov (2001)
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LOW-ENERGY
CONSTANTS
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LOW-ENERGY
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LOW-ENERGY
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LOW-ENERGY
CONSTANTS

Neutron + kaons

0.008}
0.006 |
< 0.004}

0.002}

0.000 b

0.8F

0.6}

0.2}

0.0}

NI( (min)

40}
20}

bl’l

—20}
—40}
—60}

Thursday, July 11, 2013



SUMMARY

* Investigated systems of up to 9 mesons + | baryon
» 2-body parameters

* significant volume-dependence found for meson-baryon scattering phase
shifts

* may Indicate large effective range contribution and/or inelasticities
* First calculation of meson-meson-baryon 3-body interaction
» Some combinations of LECs accessible
* Thermal effects & noise current limitation to system size

» Would like to add more baryons (solve noise problem!)

Thursday, July 11, 2013



00 -

-05

-10 -

kcotd
u

il

il

=15 =

L . - |
—25

0.00 005 0.10 0.15 0.20

Thursday, July 11, 2013



00 -

=3 =

-10 -

kcotd
u

=15 =

. —— * |
RO {

0.00 005 0.10 0.15 0.20

Thursday, July 11, 2013



det (1 -} AA) — ﬁ g1tz €6162..812 (1 + AA)gll (1 T ’\A)gi v (1 + /\A)gﬁ
1 O o Q] Qg..0 .
= ﬁ [E 1HeeT2 salag..alz + A 126*1 g 6,3102--0112 (A gll T
n araz..anfl..£12-n o G Bn
+ A" 120 goraz-andi-fi2 EB182..8n€1..612n (A )gll (A )222 .. (A )a-.,,.
o, ~3 3
+ Mg gy p 0 (A)2 (A2 ]
1 12
= = Y ney N Cy(t) (18)
L5

Thursday, July 11, 2013



2-BODY PARAMETERS
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