Two-Hadron Physics on the Lattice?
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SYSTEMS WITH HEAVY (STATIC) QUARKS
Heavy-light K—A like system
SYSTEMS WITH LIGHT QUARKS
See Lattice 2005
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Goal: Effective hadron-hadron interaction
possible strategies

1. Heavy (static) quarks

r=relative distance
total energy F(r) = V(r) + const
= adiabatic potential V' (r)

+p
o \ finite _o.ox mass m@@.QEB [Liischer]
\ ®) scattering phase shifts
-P = §(k?)




Search for hadronic molecules
in K—A like systems 2
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Motivation

(© (1539)

N (1647)

> (1755)

=(1862)

Ot ~ uudds — 5-quark(?) decouplet [Daikonov, Petrov, 2004]



ma = 1116MeV mpg = 494MeV
mg + mpa = 1610MeV
PDG Breit-Wigner mass N(1650) — KA 3-11%



Operators

local, A, B,C = color, «, 8, y=spin,Dirac

K*(z) = 35ca(z)ys,apucs(x)
AL (z)

ecpE(C75) 8y

| uca(@)(dps(@)spy(z) — sps()dpy (2))
+dca(z)(spg(z)upy () — ups(2)sE,())
+25ca(7)(upg(z)dEy(2) — dpp(T)uE,(T))]

relative distance = 1

spin index « belongs to baryon, so def

Ou(Ft) = OL(7; ) 74,0



Correlator functions

C =(0,(r5t)0,(85t0)) — (Ou(7; NVXNN\AWW to))
separable term vanishes
(O0,) ~ (KTA®) ~ (3uuds) =0

quark propagators (contractions)

m\»QAumvwvwmmA@&ov — m.\»QummAum,ﬁ W\wOV heavy A%v

&&QA&HV&mEAW\wOV — Q&vamA&vﬁ@on _Hmﬁﬁ AQ; &v
Wick’s theorem = C(H, G)

Which sources are needed for propagator generation?



look at site-sum structure

1 1
C = (Gam 2. 2% g7 v 2. 2% - 4,5
T Yy U v

1
- L2y

[H(y,y + ) H(0+5,7) — H(y, V)H(V+ 5,5 +7)]

e option for computation of G
random-source estimator = all-to-all G

e rather, use translational invariance of (...)
add 77 — ¥ subst ¥y — y—71+v then

eg. H(y,v) — Hy+m —v,m) — H(y,71)

etc



indep of v — MU = 1/ spatial volume

(Y

e fixed set of spatial source locations 77 + s for G
e all-to-all spatial source locations y + 7 for H
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e use H in (static) limit Kk — 0

1
H(xt, ytg) = %m i AMRVNWISMAH + V4) N\\:&,w tot)
UT(Ttot) = Ug(Zto) Us(Zto + 1) ... Us(Zt — 1)

— equal-time diagrams

J

H(yt,y + 7t)H (', + Stg, T1tg) X mﬂ 3% G

— mixed-time diagrams

mAﬁlﬁ\mwonm?%H + Ww? @»l_l anv_ X @.lv lH %lv 7
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= correlator, site-sum structure only

C = 055050 7@ Y)H M, ™M)G(Y,m)GOG() - GOG))

1
G(r1,m™)|G(™,71)G(T + 7,71+ 8) — G(r1, 71 + 8)G(ry +7,71)))

l

e distance 7 = 0 is special, color O # KA possible, ignore

—

e write 7o = 77 + r then, for 7 # 0
Q ~ mml = = Am?uw lwvmfuwl%wv
QA\XT lH ﬁ Aﬁf v Awﬂwv ﬂl..,wv + QQ%T \\luva?%Mu Quwzv

e may choose a fixed set of source sites

e note loss of ), space-site sum — bad for statistics
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Fuzzing and smearing

correlation functions built from operators
O = O[U, 1, 9]
construct spatially “spread out” fields
U — U™
y — P
b — P
enhance (ground-state signal), replace

O — OWY — QI R} (k) k)]

correlator

C = > (O 7 1) 04 (Fito)) — ()1

— 1s K X K matrix
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Gauge field fuzzing (APE)

U%z) = U)

U @) = U5 (@) + 3,0,;0UTUT + UTUTD)] Z4()
B

x x+ +3 o * )

spatial directions only 7,7 =1,2,3 a4; =0 o4 =0
not unitary, after each iteration step choose Z;(x) such

Tr Q@..HS:&VQMS@V =3 (gauge invariant)

— numerically well behaved, during iteration £k =0,1... K
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Quark field smearing (WUP)

Yl (@t) = Yau(z)
@) = S g Kas (2, 9) v U t) Z
Kap(t;Z,7) = 0aB0zg+ 3 ;0u[Us ap(E)0; ;_; + Ul o5 (5)8; 213]

spatial directions only + =1,2,3

k=2

k=1
iterate k=0,

normalize, after each iteration step choose Z such that

MUMU?EN& @?X t)} =3-4 gauge inv

— Z7?=1+42).a; numerically well behaved
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Quark propagators

smearing of G and H 7

iterated smearing kernel

0 — _
\m?: 2, 7) = MUNQW&,UMV\GQLXNMNQV
KW(EEF) = 0 if [F-4 >k

e light-quark propagator (¢ = u,d)

GO (2t ijto) = @t&ﬁm& Pt (gto) =
= DKW (2, 2)0(E) D 10) K (10:5, 2

Ivlv\

in practice: — smear sourcel’} — call (cG)inverter G1 ¥ —
— smear sink¥} at operator level
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e heavy-quark propagator (¢ = s static)

recall ¢ (Zt) Y(Z'tg) x 05

Z,Z
thus

HW* (gt gtg) =0 if |Z—¢] > k+4

loss of localization, ill-defined relative distance 7, unless k£ + ¢ =0
= choose smearing levels £k =/ = 0 for H
= gauge links U, (x) used in H not fuzzed
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Lattice simulation

geometry: anisotropic and asymmetric

L1 xLoxLax Ls = 8x8x32x16
a1 = as = 2az = 2a4 (bare)

n=12
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e gauge field action, anisotropic Wilson

Se=> ) Bul(l- Ww%%%v

r u<v

Qtt”ﬁ

a1a20a304

(apay)?

used [ =6.2

e fermion action, anisotropic Wilson (light quarks)

Sp =) ¥(z) Qz,y) ¥(y)

Q(z,y) = 104, IM Ful(1=Y)Up (@) 0041,y + CIKFVQH (¥)0z,y+1]
7

hopping parameters

K
1 4 1
Gug MUtHH a,

multiple mass solver [Frommer et al, 1995]

oy = used & = 0.140, 0.136, 0.132, 0.128
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Placement of sources

spatial sites ; and 75 selected from x = (5,5, n, 3) with

n=1,2234811,13,17

r 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
m 3 3 2 2 2 2 2 1 3 2 1 1 1 1 1 1
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Asymmetric fuzzing (gauge field)

fuzzing dir 1= 1 2 3

1terations k =

w N =
w N =
Sy = DN

e K = 3 sets of fuzzing levels
e o = 2.5 for all directions ¢

21

Fuzzing direction i




Asymmetric smearing (fermion field)

smearing dir ¢ =

1terations k =

3
2
4
6

W N = | =
W N =N

e K = 3 sets of smearing levels
e o = 2.5 for all directions ¢
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Smearing direction =2 \w




Analysis issues

e used: matching sets of fuzzing—smearing levels

—

size K x K = 3 x 3 correlation matrix C(t,ty) at each r
e noise: long-path operators (distances r)
static approx — lack of space-site ) -

o notation: omit source time slice tg .

e generalized eigenvalue problem [Liischer, Wolff, 1990]

QT&@ = QA:Y@ y@lﬁv S W wo
C'(t1) hermitean, non-singular, pos-definite

At t1) = e W[ 4 O(e~ AW (1))

o if size of C'(t) is large (e.g. 27 x 27, N* project)

many very small eigenvalues — numerical problems
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Singular value decomposition (SVD)
e superior numerical algorithm if small eigenvalues are present

let Ci;(t) withi=1...m,j=1...n
m X n correlation matrix
for simplicity, assume m = n

the SVD is

Ct) = UV

with
Uttuit) = 1
ViVt = 1
S(t) = diag(oi(t),...,on(t))
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Relation to diagonalization

let C be 1. hermitean
2. non-degenerate
3. pos-definite

consider its svb O = UXVT

square S =CTC=CC'=VX2VI =UX2UT ~
SV =V3? and SU = U¥?
columns of V and U are both eigenvectors of S, to same o7}

—| |2, Vo
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all eigenspaces 1-dim —

- Uik - - Vik -
= | ° |m with |ng|=1
| Unk | - Var |
or U=VE, FE=dag(n,...,n)
use this in

C=UXVI =VEXVI = VAVT

EY = diag(moy ... npop) = diag(A1 ... Ap) = A

Mo =X >0 = m=+4+1 = o= A
e Above assumptions: SVD = diagonalization

<= (trivial)

o if CT = C only: usual eigvec ambiguities, eigval same
o available: generalized SvD
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Def: svD-projected operators, correlation matrix
Uk (T3 1) = MU@NHH Q\H@.G%Xﬂ t), Via(Fit)=...VT.
Sre(Pitto) = (Una (7 t) Via (Fito)) = US,Cij (Fit o) Ve
e svD-diag done at fixed t =t1 = U,V =const
Sre(7tito) o Ope  ab &
Se(Fit o) = 320 (0Uka (7 o) |n) (n[Via (7 )| 0) € Wn(t—to)

expect X (7t tg) diag domination
e sVvD-diag done at all ¢
Ye(Tittg) o< dppop(t) allt
expect o (t) — sp e VET)[] 4 O(emAWr(E=t0)]

AW =min{|W} —W,|L#k}
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/home/starscream/users/fiebig/lqcd /k—lambda/spectra/B
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/home/starscream /users/fiebig/lqgcd /k—lambda/spectra/B_d1_k1_r01_nuc
| | |

| Wi= 0.949(0.148) |
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Spectrum analysis

e Assume correlators have ‘diagonal’ form?

Dy (t,t0) = (U3 () ¥ (to)) = D [(n]

n#0
e Spectral model

+ o0
Flolt, to) = \ duw p(w)e~ (1)

— o0

if exact F'(p|t,to) = Dy(t,to) then

= 8w — W) [(n|¥(t0)0)|?

n#0

de.g. D~ X Noand ¥V ~ O;~ U,V with O = ¥ —
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e Discretization w; = Awz, t=1;...1

I
F(p|t,tg) =~ MU pie~wilt=t) 5 — parameters

=1

# of parameters (~ 40) > # of lattice data (~ 10)

e Bayesian inference: Interpret p; as stochastic variables!
given set of data D, fixed
— find conditional pdf of parameters p

P(p + D) x P(D <« p) x P(p)
posterior o likelihood X prior

— maximize posterior probability = best “fit”

— more parameters than data? ... no problem!
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Likelihood

lattice data spectral model
} !

(D, p) = > [D(tx,to) — F(plty, to)] T (t1, ) [..t1—1t2..]
£yt 4

given [p| make (large number of) measurements of [D],

covar matrix

then (central limit theorem) = Gaussian pdf

\NUANU Tbv H®|XMAEQEV\M
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Prior

Shannon-Jaynes Entropy

S(6) =3 (= me ~ pein(25)) < 0= S(m

m
I k

measures (lack of) information relative to default model = [m)]

P(p) = moﬁw entropy weight = «
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Posterior

~Wlp]

P(p+ C) xP(C < p)P|p| xe with  W{p] = x*/2—aS

e Maximum Entropy Method (MEM)
given data [D] = solve P(p<+ D) =max = W|p] = min

e Simulated Annealing (cooling)

7 — \EE e~ BWIp]
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val

/home/starscream /users/fiebig/lqcd /k—lambda/spectra/B_d1_k1_r0l_nuc
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/home/starscream /users/fiebig/lqed /k—lambda/spectra/B_d1_k1 r01_nuc

c000

5000

4000

o 3000

<000

1000

£E=0.975 (A=0.093)
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Spectral observables

loosely define
Opn ={w:wepeak #n} n=1,2....

then, for each peak n

olume  Zn = \%%v = (n]¥(t)|0))
On
mass E, = NMH\ dwp(w)w
On
width Az = 71 \ dwp(w) (w — Ey,)?
On

— moments (wP), low p = 0,1,2 <= extractable INFORMATION
— smoothing [ ...dw micro structure ...
— annealing average over random p starts

— tuning [m] and «, insensitive over many orders of magnitude
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1.7

1.2

1.3

/home/starscream /users/fiebig/lqcd /k—lambda/spectra/B

7 7 7 7 7
i a=0.09405fm
B a '=2055.4MeV ]
L X=nuc(0.51173) _|
BMHHQWH.®Z®< J
X=vec(0.34671)
m, = 712.6MeV |
7 7 7 7 7
0.0 0.2 0.4 0.6 0.8 1.0 1.2
(am )*
-
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Setting the scale

K amr (aAz) amp (al)p) ampy (aAp)
0.128 1.004 (0.104) 1.004 (0.102) 1.491 (0.075)
0.132  0.888 (0.115) 0.892 (0.114)  1.312 (0.079)
0.136  0.770 (0.112)  0.777 (0.119)  1.138 (0.083)
0.140 0.648 (0.113) 0.670 (0.130) 0.975 (0.093)

e extrapolate to am, = 0 with
y=amx == (amg)’ y=A+ Bx+ ClIn(l + x)
e match to reduced mass of p— N system

m,n = 425MeV  — @ =0.096fm a~' = 2056MeV
m, = 713(776)MeV
my = 1052(939)MeV
~ 8 —12%
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Current status of K—A analysis

e Only 90 configs used

e No am, — 0 extrapolation done

e Available for k = 0.140 (lighest am.)

e svD-diag on all time slices (employ ¢ — o)

e Plan is to use generalized SVD

ExPECT RESULTS TO CHANGE!
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val

/home/starscream /users/fiebig/lqcd /k—lambda/spectra/B_d1_kl1_r0l_pen
7 7 7 7 7 7 7
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/home/starscream /users/fiebig/lqcd /k—lambda/spectra/B_d1_k1_r01_pen
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val

/home/starscream /users/fiebig/lqcd /k—lambda/spectra/B_d1_k1_r05_pen
’ | | | | | | |

10 12 14 16

0
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/home/starscream /users/fiebig/lgcd /k—lambda/spectra/B_d1_k1_r05_pen
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val

/home/starscream /users/fiebig/lqcd /k—lambda/spectra/B_d1_kl_ri12_pen
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/home/starscream /users/fiebig/lqcd /k—lambda/spectra/B_d1_k1_ri12_pen
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/home/starscream/users/fiebig/lqcd /k—lambda/spectra/B
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Adiabatic potential

e parameterized model, periodic extension

V(z) = exp(—a12?)[ag + asz? + aux?] r=r/a

X L—Xx

Vi(z)=ag+V(z)+ V(L —2x), L=32

fit Vi(xz) to lattice data

e s-wave Schrodinger eqn (Volterra [eqn — Jost functions)
with V(r/a)a™! and myequcea of K-A, D-A., B-A,
scattering phase shifts dg(p)

49



2.0

1.0

/home/starscream/users/fiebig/lqcd /k—lambda/spectra/B
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180

1\ m_a=0.166 i
1B =0.500 L
_ // I - L
i \ ;
_ / -
N\
1 - i
| E=62MeV L
d
, , 7 , 7 7
0.0 0.4 0.8 1.2 1.6
—1
p [a™]
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Assessment

e Unresolved issues
at gauge 90 configs results are not yet stable
implement generalized svD-diag at t1 2 {g

error analysis

e Hint at possible physics
resonant behaviour of K—-A at 50(4+50)MeV above threshold
may explain N(1650) as 5-quark K—A molecule
the c- and b-quark like systems may be bound

e RESULTS MAY CHANGE, EVEN QUALITATIVELY _
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