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BACKGROUND AND MOTIVATION

I We need to calculate in the non-perturbative regime!
I Number of counterterms in χPT beyond leading order

(LO) or next-to-leading order (NLO) in many calculations
often exceeds the number of experimental measurements
available→ turn to the lattice

I Important to recover what is known experimentally to
high precision, however, not the main objective→
calculate what cannot be accessed experimentally, or
which can be measured with only limited precision
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CONTINUUM QCD=⇒=⇒=⇒=⇒
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=⇒=⇒=⇒=⇒ LATTICE QCD
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LATTICE QCD: SOME CHALLENGES

I Calculational cost
I Calculations done at unphysical (larger) light quark

masses; Chiral extrapolation convergence mlatt
π > mphys

π →
χPT extrapolation

I Signal to noise ratio (not a problem with pions)
I Discriminating the ground state from excited states
I Many interesting processes have annihilation diagrams→

cost
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STEPS TO CALCULATE THE SCATTERING LENGTH

I Start with gauge fields, in this case MILC staggered
I Generate propagators
I Calculate contractions→ correlators
I Fit the correlators to sum of exponentials→ extract

masses, energies
I Using jackknifed tables of masses and energies calculate

the scattering length
I Using scattering lengths calculated at several quark

masses, calculate χPT LECs
I With LECs that have been fit, extrapolate to physical pion

mass
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GAUGE ENSEMBLES

I MILC gauge ensembles, staggered, asqtad-improved,
coarse (b ∼ 0.125 fm), and fine (b ∼ 0.09 fm).

I The Chroma software system

cfgs generated by ml/ms mπ(MeV) L(fm) cfgs × sources
MILC 0.14 291 2.5 1039 × 24
MILC 0.2 352 2.5 769 × 24
MILC 0.4 491 2.5 486 × 24
MILC 0.6 591 2.5 564 × 24
MILC 0.2 352 3.5 128 × 8
MILC 0.21 320 2.5 1001 × 8
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ENERGY EIGENVALUES IN A BOX

The exact energy eigenvalue equation for En:

∆En ≡ En −m1 −m2 =
√

p2
n + m2

1 +
√

p2
n + m2

2 −m1 −m2

Energy levels occur at momenta p = 2πj/L (no interaction); The
Lüscher formula:

p cot δ(p) =
1
πL

S
(

pL
2π

)
, S

(
pL
2π

)
≡

Λj∑
j

1

|j|2 −
(

pL
2π

)2 − 4πΛj

the effective range expansion for pcotδ(p)→ 1/a, as p→ 0.
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CALCULATING ∆E, AND SINGLE PARTICLE MASSES
The correlation functions for the meson (φ) and baryon (B)
systems are

Cφ(t) =
∑

x

〈φ†(t, x) φ(0, 0)〉, CB(t) =
∑

x

〈B̄(t, x) B(0, 0)〉

Cφ(t)→ Be−mφt, CB(t)→ De−mBt, for t,L→∞

CφB(p, t) =
∑
|p|=p

∑
x,y

eip·(x−y)〈φ†(t, x) B̄(t,y) φ(0, 0) B(0, 0)〉

GφB(p, t) ≡
CφB(p, t)

Cφ(t)CB(t)
→

∞∑
n=0

An e−∆Ent
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CALCULATING ∆E, AND SINGLE PARTICLE MASSES

We extract, mφ, mB, and ∆E

Cφ(t)→ Be−mφt, CB(t)→ De−mBt, for t,L→∞

GφB(p, t) ≡
CφB(p, t)

Cφ(t)CB(t)
→

∞∑
n=0

An e−∆Ent
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EFFECTIVE PLOTS

meff
φ,B =

1
nJ

log
(

Cφ,B(t)
Cφ,B(t + nJ)

)
, ∆Eeff

φB =
1
nJ

log
(

GφB(t)
GφB(t + nJ)

)
.
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LINEAR COMBINATION OF CORRELATORS

CSS(t) = Ae−m1t+Be−m2t+. . . , CSP(t) = Ce−m1t+De−m2t+. . . ,

(CSS(t))2

CSP(t)
≈ A2

C
e−m1t +

(
2ABC− A2D

C2

)
e−m2t + . . .

CSS(t)− αCSP(t) = (A− αC)e−m1t + (B− αD)e−m2t + . . .
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SIGNAL TO NOISE RATIO

I for the pion, signal→ Ae−mπt, σ2 → Be−2mπt

I for the proton, signal→ Ce−mpt, σ2 → De−3mπt

I s/n(t): pion→ constant

I s/n(t): proton ∼ e−(mp− 3
2 mπ)t
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MESON BARYON

The are six elastic MB scattering processes without annihilation
diagrams that we calculated on the Lattice

Particles Isospin Quark Content

π+Σ+ 2 uuud̄s
π+Ξ0 3/2 uud̄ss
K+p 1 uuuds̄
K+n 0 and 1 uudds̄

K0Σ+ 3/2 uud̄ss
K0Ξ0 1 ud̄sss

coupled channel, same valence quarks→ uud̄ss
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COUPLED CHANNEL

The π+Ξ0 and K0Σ+ have the same quark content, and
constitute a coupled channel...
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CALCULATED MESON AND BARYON MASSES AND ∆E
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LATTICE CALCULATION OF 1/a

p cot δ(p) =
1
πL

S
(

pL
2π

)
, S

(
pL
2π

)
≡

Λj∑
j

1

|j|2 −
(

pL
2π

)2 − 4πΛj
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LATTICE CALCULATION OF 1/a
For comparison, including π+π+ and K+K+ on the plot:
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CHIRAL EXTRAPOLATION: SU(3) HBχPT TO NNLO

tree-level (Weinberg), and the LEC’s at NLO and NNLO1

aπ+Σ+ =
1

4π
mΣ

mπ + mΣ

»
− 2mπ

f 2
π

+
2m2

π

f 2
π

C1 + Yπ+Σ+(µ) + 8h123(µ)
m3

π

f 2
π

–
aπ+Ξ0 =

1
4π

mΞ

mπ + mΞ

»
− mπ

f 2
π

+
m2

π

f 2
π

C01 + Yπ+Ξ0 (µ) + 8h1(µ)
m3

π

f 2
π

–
aK+p =

1
4π

mN

mK + mN

»
− 2mK

f 2
K

+
2m2

K

f 2
K

C1 + YK+p(µ) + 8h123(µ)
m3

K

f 2
K

–
aK+n =

1
4π

mN

mK + mN

»
− mK

f 2
K

+
m2

K

f 2
K

C01 + YK+n(µ) + 8h1(µ)
m3

K

f 2
K

–
aK0Ξ0 =

1
4π

mΞ

mK + mΞ

»
− 2mK

f 2
K

+
2m2

K

f 2
K

C1 + YK0Ξ0 (µ) + 8h123(µ)
m3

K

f 2
K

–

YφB are the loop functions.

1Liu and Zhu, hep-ph/0607100, hep-ph/0702246
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π
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π
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4π
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4π

mN

mK + mN

»
− mK
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m2

K

f 2
K

C01 + YK+n(µ) + 8h1(µ)
m3

K

f 2
K

–
aK0Ξ0 =

1
4π
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mK + mΞ
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− 2mK

f 2
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+
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K
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K
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K
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K

–
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1Liu and Zhu, hep-ph/0607100, hep-ph/0702246
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CHIRAL EXTRAPOLATION: SU(3) HBχPT TO NNLO

π+Σ+, K+p, and K0Ξ0
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φ
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CHIRAL EXTRAPOLATION: SU(3) HBχPT TO NNLO
π+Ξ0, and K+n
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CHIRAL EXTRAPOLATION: SU(2) χPT TO NNLO

aπ+Σ+ and aπ+Ξ0 are given by 2

tree-level (Weinberg), and the LEC’s at NLO and NNLO

aπ+Σ+ =
1

4π
mΣ

mπ + mΣ

»
− 2mπ

f 2
π

+
2m2

π

f 2
π

Cπ+Σ+ +
m3

π

π2f 4
π

log
mπ

µ
+

2m3
π

f 2
π

hπ+Σ+(µ)

–
aπ+Ξ0 =

1
4π

mΞ

mπ + mΞ

»
− mπ

f 2
π

+
m2

π

f 2
π

Cπ+Ξ0 +
m3

π

2π2f 4
π

log
mπ

µ
+

m3
π

f 2
π

hπ+Ξ0 (µ)

–

2Mai, et. al., arXiv:0905.2810v1[hep-ph]
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CHIRAL EXTRAPOLATION: SU(2) χPT TO NNLO

aπ+Σ+ and aπ+Ξ0 are given by 2

tree-level (Weinberg), and the LEC’s at NLO and NNLO
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CHIRAL EXTRAPOLATION: SU(2) χPT TO NNLO

ΓLO ≡ 1

ΓNLO ≡ 1− Cπ+Bmπ

ΓNNLO ≡ 1− Cπ+Bmπ − hπ+B(Λχ)m2
π

where B is either Σ+ or Ξ0
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CHIRAL EXTRAPOLATION:
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RESULTS

extrapolating using SU(2) χPT , the scattering lengths are

aπ+Σ+ = −0.197± 0.017 fm (−0.2294 fm)
aπ+Ξ0 = −0.098± 0.017 fm (−0.1158 fm)

where the error encompasses statistical and systematic
uncertainties
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RESULTS

As pointed out by Mai, et. al., if fπ → f , where f is the decay
constant in the chiral limit, chiral log is removed.
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HIGH STATISTICS CALCULATIONS:
Recent studies of single baryon, two-baryon, and 3-baryons at
one quark mass and one volume 3

stats increased by factor of ∼10

0 10 20 30 40 50 60
0.204

0.205

0.206

0.207

0.208

0.209

t�bt

M
N

0 10 20 30 40 50 60
0.220

0.221

0.222

0.223

0.224

0.225

t�bt

M
L

0 10 20 30 40 50 60
0.225

0.226

0.227

0.228

0.229

0.230

t�bt

M
S

0 10 20 30 40 50 60
0.239

0.240

0.241

0.242

0.243

0.244

t�bt

M
X

3see recent papers ”High Statistics Anisotropic...NPLQCD collaboration”



BACKGROUND SCATTERING IN LQCD MESON BARYON CALCULATION

HIGH STATISTICS CALCULATIONS:
Recent studies of single baryon, two-baryon, and 3-baryons at
one quark mass and one volume 3

stats increased by factor of ∼10

0 10 20 30 40 50 60
0.204

0.205

0.206

0.207

0.208

0.209

t�bt

M
N

0 10 20 30 40 50 60
0.220

0.221

0.222

0.223

0.224

0.225

t�bt

M
L

0 10 20 30 40 50 60
0.225

0.226

0.227

0.228

0.229

0.230

t�bt

M
S

0 10 20 30 40 50 60
0.239

0.240

0.241

0.242

0.243

0.244

t�bt

M
X

3see recent papers ”High Statistics Anisotropic...NPLQCD collaboration”



BACKGROUND SCATTERING IN LQCD MESON BARYON CALCULATION

CONCLUSION

I first dynamical LQCD calculation of meson-baryon
scattering

I prediction of the π+Σ+ and π+Ξ0 scattering lengths using
SU(2) χPT

I No convergence for kaon-baryon processes using SU(3)
χPT
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