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BACKGROUND AND MOTIVATION

» We need to calculate in the non-perturbative regime!

» Number of counterterms in xPT 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

» 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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LATTICE QCD: SOME CHALLENGES

» Calculational cost

» Calculations done at unphysical (larger) light quark

masses; Chiral extrapolation convergence m/a# > mh
XxPT extrapolation

» Signal to noise ratio (not a problem with pions)
» Discriminating the ground state from excited states

» Many interesting processes have annihilation diagrams —
cost
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STEPS TO CALCULATE THE SCATTERING LENGTH

Start with gauge fields, in this case MILC staggered
Generate propagators

Calculate contractions — correlators

vV v vy

Fit the correlators to sum of exponentials — extract
masses, energies

» Using jackknifed tables of masses and energies calculate
the scattering length

» Using scattering lengths calculated at several quark
masses, calculate YPT LECs

» With LECs that have been fit, extrapolate to physical pion
mass
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GAUGE ENSEMBLES

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

» The Chroma software system

cfgs generated by m;/ms m.(MeV) L(fm) cfgs x sources

MILC 0.14 291 25 1039 x 24
MILC 0.2 352 2.5 769 x 24
MILC 0.4 491 2.5 486 x 24
MILC 0.6 591 2.5 564 x 24
MILC 0.2 352 3.5 128 x 8

MILC 0.21 320 25 1001 x 8
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ENERGY EIGENVALUES IN A BOX

The exact energy eigenvalue equation for E,

AE, = E,—mj—my= \/p% + m%+\/p,% + m5 —my —my
Energy levels occur at momenta p = 27j/L (no interaction); The
Liischer formula:

A
pL LY _ y 1
27T>’ S<27r>_;

— 47A;
e (k)
27

= S

pcotd(p) ! <

the effective range expansion for pcoté(p) — 1/a,as p — 0.
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The correlation functions for the meson (¢) and baryon (B)
systems are

MESON BARYON CALCULATION
CALCULATING AE, AND SINGLE PARTICLE MASSES

Cy(t) =

X

> (67(t:x) $(0,0),  Cy(t) =) (B(t

,x) B(0,0))
Cy(t) — Be~™st

Cp(t) — De ™5t fort,L — oo
Ce(p,t)

lpl=p

- ¥ Zew 9(6(t,%) B(t.y) $(0,0) B(0,0))

C
Ges(p,t) = 8P

7C¢

Z An —AE,t
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MESON BARYON CALCULATION
CALCULATING AE, AND SINGLE PARTICLE MASSES

We extract, m,, mp, and AE

Cy(t) — Be "ot Cp(t) — De "5t fort,L — o0

Gya(p,t) S (HCs(D
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EFFECTIVE PLOTS

1 Con(h) 1 Gan(t)
meft = —1lo <¢’ > ; AE = —1o ( .
B ny & C¢7B(t + Tl]) ¢B ny & G¢B(t + 1’1])
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LINEAR COMBINATION OF CORRELATORS

CS5(t) = Ae~™!4-Be~m2! 1,

*

CSP(t) = Ce ™! 4-De 2 4,

*
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LINEAR COMBINATION OF CORRELATORS

CS5(t) = Ae ™4 Be~™! .., CSP(t) = Ce ™!+ De M2+

ey

(CSS( )) ~ 7m1t+ 2ABC7A2D efmzt_i_
TCSP(t) c C2

= (C39)?/C Effective

0.245 .
0.244 . ‘-_ ’o‘
0.243

‘— h

£ 0242 ' *ﬂ ’N

05‘2‘1 "m“.,mom ﬁ IHW

0.239
10 20 30 40 50 60
t

u]
]
I
w
i




BACKGROUND
00000

SCATTERING IN LQCD

[e]e]e]e]le] ]

O

MESON BARYON CALCU
00000000000000000

LATION

LINEAR COMBINATION OF CORRELATORS
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SIGNAL TO NOISE RATIO

» for the pion, signal — Ae"'~!, g2 — Be~ 2!
» for the proton, signal — Ce™"#!, g2 — De~ 3"
» s/n(t): pion — constant

> S/H(t): protOl’l ~ e_(mp—%mﬂ)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
rtyt 2 uuuds
atz0 3/2 uudss

Ktp 1 uuuds
Ktn Oand 1 uudds
Koyt 3/2 uudss

K0=0 1 udsss
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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
rtyt 2 uuuds
a0 3/2 uudss

Ktp 1 uuuds
Ktn Oand 1 uudds
Koyt 3/2 uudss
KO=0 1 udsss

coupled channel, same valence quarks — uudss
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COUPLED CHANNEL

The 7*Z% and K’Y " have the same quark content, and
constitute a coupled channel...

K5 Total E m010 =" Total Em010
13— ‘ ‘ ‘ ‘ ‘
m,+m;=1.231 m +m_=1.124
m+m_=1.124 n=2 1
1 M2 qoe
__rL_n_{"n"}_i_-ﬁ"E_{"}_"_ 114 ]
W oo} 1y LS - g B

I L S g .

1.1 B

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
e 3 g 10 12 14 6 187 3 g 10 12 14 16

We extracted a,.+=o, but not agoy. 4
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MESON BARYON CALCULATION
CALCULATED MESON AND BARYON MASSES AND AE
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CALCULATED MESON AND BARYON MASSES AND AE

. _0
T m010 = m010
0227 ——5—— ‘ —— ‘
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CALCULATED MESON AND BARYON MASSES AND AE

. _0
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LATTICE CALCULATION OF 1/a

Aj 1
Z —————— — 4nA;

j iz—(%)

_ Lg(r pL
pCOt(S(p)iﬂ'L (27r>7 S<27r>

té/m_versus AE/m_m010
peot 6 / m,, vs. AE/ m, peota/imy n
: T 0

4 . n*z;
H 1w = 1

2 i n=

& . ; i - =Kp
S o0 / / % 2 = K'n £ 1

< +-0

= 3 "K'z =
g, " / / :/ é 4 g i
A4 - ]
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05 0 o5 1 15 2 I T 508
AE/ m, DE/m
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LATTICE CALCULATION OF 1/a

A
j
1 I ) |
pcotd(p) = — pL | Ly L
L 27 27 . — -
i e iz
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LATTICE CALCULATION OF 1/a
For comparison, including 77" and KTK* on the plot:

pcotd/m,_versus AE/m_mo010

0 "
+t+
"X
A . +0 B
| T[+:
F -2 - K+p
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CHIRAL EXTRAPOLATION: SU(3) HBYPT TO NNLO

Aprz0 = %ﬁ :— 7}12” f;Cm + Vrtzo (1) + 8 (1 )fj}
Aty = ﬁwmmeN 2}ZK meQ T Vicrp (1) o Bluzs o )fl( }
gty = ﬁﬁ:—é—l—mfgcm-i-%@n( ) + 8hi(p )f:]
Igom = %ﬁ :f ZmTK + Z}ZK Ci + Yoz (1) + 8h123(/1)7}171§<:|

'Liu and Zhu, hep-ph/0607100, hep-ph/0702246 - = = =5 . - =
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CHIRAL EXTRAPOLATION: SU(3) HBYPT TO NNLO

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

1 ms [ 2mT 2m m’
= — = |- ”C 8h
Apts+ drmntms | f2 14 Vers+ () + 8his(pe )f2 }
1 m= [ ma m’
o o= M= Tk T - 8
K dmme +m=z |  f2 f2 C01+y+ =olus) + Bl (u )fz}
T omy [ 2mg ZmK
Ag+p yrspar | f1< C1 + V(1) + 8hiaz (p )fK:|
1 mn [ mK m3 m
- "™ Tk 8h
Ag+y, yrep | 2 + 2 — Co1 + Vi (1) + 8 (1 )fK
tom = oM 2 e s ) + S ()
K0=0 = ar Mk + M= I fK fK 1 KOEO 1% 123( fI%

'Liu and Zhu, hep-ph/0607100, hep-ph/0702246 - = = =5 . - =
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CHIRAL EXTRAPOLATION: SU(3) HBYPT TO NNLO

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

borz0 = ﬁ#_’; f;cm+> () + 8l (u )ff}
Ix+p = %mknrlmw:_z}gk Z}ZKQ—’—J 7o)+ Bha )fK:|
Gy = ﬁﬁ:—”ﬂ#}fcmw <>+8h1(>f:]

dgoz0 = %ﬁ,%+ fKKC1+J ()+8h123(ﬂ)%§}

Vs are the loop functions.

'Liu and Zhu, hep-ph/0607100, hep-ph/0702246 - = = =5 . - =
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CHIRAL EXTRAPOLATION: SU(3) HBYPT TO NNLO

at¥+, K*p, and K°=°

2raf?
ril)zf—ﬁf@ (1+@) -1

My mpg
2raf? m
1
FI(\IL)O = — f¢ 1+ e = 1- C1W1¢
Mgy mp
2 2
1) . 27Taf¢ m¢ f¢ 2
F( = - 1+ —72 )+ —"Ysp(A = 1—Cimg — 4hiz(Ay)m
NNLO m, mg 2m, 58(Ax) @ (Ay) @
LPARST) K'p SU@3) K°=°su3)
1 1 1
p 4
- p— — o : i f T 1 o : xS 3
osf o : iz 1, : 3
- o T 5 o) : E I 1 "o : E 53
4 4
09 = NLO 3 19 - NLO 1 = NLO
= NNLO = NNLO = NNLO
i F =0 - T T R R - T T R R
m, (Mev) m, (Mev) m, (Mev)
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CHIRAL EXTRAPOLATION: SU(3) HBYPT TO NNLO

7T=0, and Ktn

4raf?
=T (i) -
@ B
4raf; g
r@ =—-—22(14=22) = 1-Cum
NLO s o o
@ _ 47Taf§> my <215 2
Iyfo = qu 1+ Py + m—¢y¢B(Ax) = 1—-Coumg — 8hi(Ay)my, .
s K su@)
15— T T T T -
: =
os| =% e i i I
: of
[ T : = II
05| i 1k I 1
] £ 17 NL
2 INkCo LU i - 2 Nito
“foo 20 30 E‘léllov) ‘ 500 700 950 550 550 m ((;l‘?/IOeV) 65 60 7
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CHIRAL EXTRAPOLATION: SU(2) yPT TO NNLO

Art+x+

and a,+=o are given by

Arts+

1 ms 2 2m?
47 my + mx 12
1 ms=
Ap+=0 = -

My
My

2m
fﬂ' g — + fz h7r+2+ (:U’):|
3
m7T mﬂ'
f? + fT%C"JrEO + m log

3
. My
fz —Cotst+ + =

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

Ay +x+ and 4,z are given by 2
tree-level (Weinberg), and the LEC’s at NLO and NNLO

1 my 2y 2m me M. 2m
= - "= |27 “C log M= 4 ZMmy,
Ap+s+ 47 M, + M [ f% + fz ~tu+ T a7 fﬂ' g + fz T3+ (:U’)
a L _ms [ e Mo g Mo M (1)
e dnmetmz| 2 f2 7 =T om0 f2 fnrzo (p

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

FLO = 1
FNLO = 1— C,r+3m7r
_ 2
Tnveo = 1= Coaptin — Moy g(Ay)mn
[ + =0
where B is either X7 or =
T sUER) =" su)
1 15—
1=
5 g x 5 os| - ; ; I I ]
osf : I—% 1 ol ¢ z I n
= N [ N
o X I ] 051 i
: A b
o wNLo 1 ast @ =nNLO ]
© =NNLO © = NNLO
100 250 ‘ 660 700 400 260 ‘ 5450 660 700

O R ) o
m_(MeV) m_(Mev)
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CHIRAL EXTRAPOLATION:

s suE) m="su@)
1. 15
1]
1
_ — _ ol =3 - ———
osf- : ol i
= =
o} X F 3 i 05 g
5 I 3§ T ]
0 aNLo 1 asf © =NLO 1 ]
: = NNLO : = NNLO i
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s 1Y
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. 1
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ol L k3 k 05} 4
N -1F . i
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o 20 300 ‘ ‘ ‘ 700 “f00 200 ‘ ‘ ‘ ‘ 700

400 500 400
m_ (Mev) m_ (MeV)



BACKGROUND
00000
:

SCATTERING IN LQCD
0000000
RESULTS

MESON BARYON CALCULATION
0000000000e000000

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

Art+x+

= —0.197 +0.017 fm (—0.2294 fm)
G420 = —0.098+0.017 fm (—0.1158 fm)

where the error encompasses statistical and systematic
uncertainties
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1 mx
Apt+y+ =

0 L
27T My + myx f2

As pointed out by Mai, et. al., if f, — f, where f is the decay
constant in the chiral limit, chiral log is removed.

2 3
+ 5 Crtsr +
pTEf

mx 4 v
Th;+z+]7 Wovss = F&l + hpt st
1 m= My M2 3
=0 — —_— | = — 77TC =
A +=0 e —— |: fz + fz =0 T

4

%h;—+50:|7 Wotzo = Fez + Mt 20
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THE FUTURE — HIGHER STATISTICS

=

F—==C%

”Speak softly and carry a big stick...” =Theodore Roosevelt
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”Speak softly and carry a big stick...” =Theodore Roosevelt
and the lesser known second part:
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THE FUTURE — HIGHER STATISTICS

F—==C%

)i ~—
. =
”Speak softly and carry a big stick...” =Theodore Roosevelt
and the lesser known second part:

“then use it to beat down the exponentially-increasing noise!”
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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

3see recent papers “High Statistics Anisotropic...NPLQCP collaboration”
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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
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see recent papers “High Statistics Anisotropic...NPLQCD collaboration
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CONCLUSION

» first dynamical LQCD calculation of meson-baryon
scattering

» prediction of the 7+ F and 7+=° scattering lengths using
SUQ2) xPT

» No convergence for kaon-baryon processes using SU(3)
xPT
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