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The Terrain

|.  Reaction Theory
— Dynamical reaction theory
«  Scattering equations

— Dressed quantities
° Propagators & vertex functions

. Model calculations

— Quantum Monte Carlo
Model Hamiltonian
QMC yields accurate many-body wave functions
«  Bare vertex functions — Dressed vertex functions
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Scattering theory

Scattering equations:

In/Out
states
(E—Ho)v*=VVv*E = vE=0o4 Jovwi/v
VWE=Td  Go=[E— Hy+id !
HnCD En<D
\j\ H, Eigenstates
b = CL;
v J
T=V+4+VGoT =V[1-GoV]? » In/Out states time independent
S =1 — 20T * Lorentz covariant

* Particle/anti-particle states
* H, spectrum stable states

St * H, has physical masses
li - (h) ; {.‘.V‘ \TJ (cf. bare mass of H)
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Hamiltonian Formalism

|.  Hamiltonian formalism

Lr— Hy
— [ BrH, ~V
j yi

117
1

— Main advantage: readily interpret model calculations

«  Constituent quark models: test model predictions using many
body wave functions

—  SU(6) predictions ~ “missing resonance” problem

—  Di-quark models — suggested by studies of proton form factor
—  Collective string-like model [Bijker, Iachello, & Leviatan]

—  Etc...
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Non-resonant and resonant contributions

V=vnyp +vp
T = tNR_i_tR
= (1_ — "’17\VTRGO)_1,” R —!— r E‘ H ZI—
_ HA —
— _ X N\ —- 7 = . — . N\
Vie=2_ Vi T GOINR)c ¢ ¢ < channels
!
.t
2 ="TiGol; 4 j« resonance number
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Simple model — for exploration

|.  Channel subspace c={rN&nN®oN}

. Hamiltonian
HEff _ HO +ZUNR+Z[I_N*—>C+HC]

(/(/

lll. T-matrix:
T(E) =tnr(E)+>_ I_Jr(lfo)

1,]

.
-

——| (ko)
—Ho—X|; .

'_

V. Warm-up project: Fit S;, T-matrix
— Non-resonant:
«  Allow variation in 97pN = 9oNNY
— Resonant 5,,(1535,1650) (***
*  Nomixing: >; ; oc d; ;
« Novertexdressing: T — ™
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No mixing, no dressing: PDG’ fit

-

N ||=Z(k0)|2
) T L

,Z- E—Hy—X|, . i ~ F — M;(E) + i (E)
’J L . L,J 1 U\ 7/ Z U\ /7
M » M Diagonalize for each E
\ 2L /A2 1 1.2\ L/2+42

N~ 1T K

1\ /1.
p{r) [ K 0
r(E)=r9 (—) (
i(E) * (ko) \ kg N2 + k2 T-NS |
F\°'YU/s \"YU/ \ ! /
SAID SPO06 nucl-th 0605082

| ' | ' | m%' |

*Includes background
* x> min.: 10 params
Parallelized code: fast
*Background params:

9n pIN = 20.0
g77 NN — 3.3
| ] | ] | | |
1200 1400 1600 1800
A~~~ -~ E (MeV)
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Quantum Monte Carlo

= Bare transition form factors

rﬂu ~—
1“1 VN
TIU And.v
S~ N~
n R
‘ .ﬂu. VY
\\/ _Ai [\
NH\U ~g
N
r \ N~ _;lt. HO
NN
\\/ =3 2 I_
N I
X X

g &

. ]
<
&3

= T

= Transition operators
— One body
f
/

— Two-body and higher: to be considered
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Constituent quark model

e Dynamical Hamiltonian model
— non-relativistic kinetic energy

— two-body potential interactions /\—' + Z

e strong state dependence T=0,1 isospin

S=0,1 spin

C=3",6 color
e just about any configuration space potential can be handled
e work with one-gluon exchange + one-pion exchange

i<i=1ij (Tiz)

V5 = Vor(r)o; - o7 - Tj + ver (1) SiTi - 7
i = [veg(r) + vog(r)og - oj + vig(r)Sij + ves(r) (L - S)is] T - T

» linear confining interaction acting between all quark pairs
— 1
ve(r) = —Nq—l\/grij
— many-body confining term ——
- flux tube model +Vup(r1,...,rN,)

— constant term \/ _I_Nq'UO

e scales with number of quarks
— flux tube ends

— S . T..T.db —
constant term Yici Ti Tjd = —

N D
Y

r.yY. 9. %Y. 4w "
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Model parameters

e Constituent quark mass Q
— light quark mass m, = m,/3 Ryy—00
e fixed by non-relativistic form
— strange quark mass m;=510 MeV 6

e parameter
e string tension
— N and A trajectories
— E2 vs. J for “stringlike” configurations E2=2nrc1/2]
c1/2=0.88 GeV/fm
e perturbative gluon coupling constant
- m,—my = 0,=0.61
e pion quark coupling
— Ruy—0 =, gq=3f, /5
e quark form factor
- F(q?) = 21
A2_q2
— A=5 fm™1; parameter
e constant term fitted to my = v,~130 MeV (per flux tube end)
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Centra potential
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Solution of the Schrodinger equation

e Variational Monte Carlo

(Heon) = (Wy |H|WVy)
@ (W W) (Hoom) 2 Eo
0(H
< _ﬁCQM) =0 S.T. (Wy|Wy) = const.
Sy,

e How to write a good many-body wave function

~ D D.,
— Correlation operator |Wy) = G|®) 1 1
. 5 N, .
— Ansatz G~ St Fy 2 Ti T
— Two-body correlation i ;" 0
F — r Op oF JjTi © Ty
g S ) o 6 T Tj-[i'-l;j
p(ri))OV|TSC) = frsc(rij)|TSC) 7 oioT Ty
p=1 8 o0j 0Tl T,
12 9 S;i
N r /.. \XNP Q 1mQr\ — r (0o Q. QY J
2 Ip\Tij )Y 0051L 0% ) = JtTC\Tig)Rig1L 0% 10 SijTi'Tj
p=9 11 ST, T
iyle 1y
: : - 12 Sy Ty T
— Solve two-body Schrodinger-like equation, eg Tt Tjlit 1y
( 32 \
| v __"2D . , N - P NEH - P N _
) 72 T Y N . NN £ (.Y — N
\ Vaa T 1UT'JC'\T 9212 NSO\ T an )l 7 1'1'SC'\ 172317 )] — U
I q [/;I L A AN (/J/ A AN UJIJ I v oL A\ N\ UJ/
L 2 )
= efersan Yl —= Elba/20 June 2006
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e Features

Many—body wave function

— Many—body: 2- & 3-body correlations
— Translationally invariant Vi (R+a) =WV, (R)
— Accurate R
oy _ Wy (R)[H Wy (R))
Ey(R) = ———— " —
(Wy(h)[Vy(hR))
If [W+,\ = |IWA)
1T v/ | T U/
. {(Vo(R)|H|Wo(R))
:> ‘EJV(H) — /1 /4 » RN EY] /T \\
(Wolhv)|Wolln))
| (W AH21W ) (W HIW )2
(J’(ET/):J\ VI | Vi/i A\ Vi | V"/
S \ (W |Wy) (W Wy )2

e Limitations: “Cartoon”

— No qq pairs
— No glue

— Non-relativistic

P W .

— € (’ff:;(‘ﬁzxnn CZ_)J.F{; ==
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Single hadron wave function

e S- and P-wave N & A states
— uncorrelated |qqq) states
= color singlet = T T, = -2/3 V i,]
e sSpin—isospin

1@1@1_35%1:“@1*
27272 2 "2 72

T X s=(Dj]€B & @@)
- B - TS
n;%qu;n}j X, (ms)x, (mr) + x,(ms)x,(mr)
ﬂ.?“‘[]zl{zj XS{THS}XS["'“T}
N=Z7(1535) Xp(mr) (@, (mp)xe(ms) + dp(mp)x, (mg)]

JH\I%_UEQU] +X.\.{?HT) [_{ﬁ'h (”"L)X.\{mSJ + ¢ﬂ["rlLJXP(TnS}J
A7~(1620)

; xs(mr) [¢, (mp)x, (ms) + ¢p(mp)xs(ms))
AT(1700)

N3 (1650)

N2=(1700)  xs(ms) [, (mp)x, (m7) + dp(me)x,(mr)]
N2~(1675)

= Apply correlation operator: |Wy) = §|®)

S S —
_ ) f —=
(f— effersan Cﬂg‘fﬁ
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Single hadron results

e S- & p-wave spectra
Nit Azt Nz~ N3 Az Az Nz Nz~ Nz
Exp. 939 0) 1232 E]LJJ.JH 3) 1520(8)1620(30) 1700({50) 1650(20)1700(50) 1675(8)
H !]J91} 232 % mm(lg 1571 1§ 1703( ; 17!}.—1{1; mm{lg IETJ{I; 1734 1%
T 1007(5) T767(3) 1063(3) 1024(4) 965(3) 949(3) 1021(3) 940(3) 904(3
Vv 308(5) 840(3) 894(3) 923(4) 1114(2) 1129(3) 958(3) 1108(3) 1206(2)
e Neutron quark & charge densities
0.20 r—r— T T T
0.15F -
_0l0F \\\ i
:TE; 0.05 ,’I \ -
= / \
§ / \
0.00 - e
\\\ ///,-
T=S=0 diquark | 0o N\ d el .
I 0.I25l - IO.ISOI I O.I75. l.IOOI l I1.25
r (fim)
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GFMC

— Project true ground state from Y,

Green’s function Monte Carlo

— Short—time Feynman—Carlson propagator

~
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Many—body sign problem

- Sampling paths >py Np
>(p} Dp

)M
— Drawn from probability distribution for paths

PPy = [[ —YvB) ViR Ry Wy (Ro))

1 IVy(Ri—1), Vi—1(R;—1)]

e Many—body wave functions

— Fermions PV =—w \g\Guarantees nodes

at coincidence “planes”

— Bosonic
) Piijaryon(TSL) — +WBaryon(TSL)

A

Can still have nodal “surfaces”

rY - v.. Y. Y. "
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Constrained path Monte Carlo

e Discard paths which cross nodal “surfaces” without affecting

expectation values

-

T | I
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GFMC Results

E(1) - P, (939)

100k cons - branching on - AT =2 e-5 Mev - n =4

? _
¢ | :

0.002 0.004 0.006 0.008
T (MeV'™)

s-wave S,;%(939)
— Sign problem negligible
— Large t evolution possible
— Energy reduced ~ 8 MeV

S~ —
_ ) — f —=
[fv eftersan Cﬁ‘m
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&

Fit parameters

\‘l

-

(W(r/2)|H|W(7/2))

(W (r/2)|W (r/2))

Il 1 O nl
Lo L CnLin€

n>0

—7(En—Ep)

E(t) — S, (1535)

20k cons - branching on

° At=05e-5MeV’

E = 1474 MeV
E} = 1700 MeV

0.0015
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Conclude/Future Objectives

e Features

— Dynamical coupled channel approach
e Unitary
e Off-shell multiple scattering dynamics

— Model calculations
e Accurate many—body wave function
e Many—body current contributions calculable
e Model interpretation
» Necessity of pion cloud “dressing”

e QObjectives
— Fit complete set of observables for 1.1 GeV < E oy <1.8 GeV
— Interpret data in terms of model calculations
— Make connection to lattice QCD (N-A transition)
— Resolve SU(6).¢ violations + “missing” resonances
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Supplementary material
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Unitary transformation (KSO) method
KSO: Kobayashi, Sato & Ohtsubo
Objective: PTP v98, N.4, 1997

— Eliminate virtual={non-vanishing off energy-shell} processes™—=
operators diagonal in Fock space

— Start with Interaction:

fann — : : ™
f:{ - - W(x)ys jr“ﬂjf{ X)- E-‘#Q'JU')
— Separate rea P
wNA = el -
+ - i (x)Tip(x) -0 ,¢p(x) | +[H.e]

m

— Unitary tra% \/\

H = Ho+ Hf + HY

Hpsp=U'HU ~ Ho+ Hf + (Hf + [Ho,iS])) + -
=0 (f]
L i(fIS]i) = =

i( ‘(f(i,f.}“ﬁa\wﬂ [ -_e?(-i' = R Elba/20 June 2006
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Hpypr =
+ ([HY i8]

+ > 0(gl)

N D
n=>9o

_|_
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c‘l( f‘-f effersan C ,ﬁ" F
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. 1
+{AHF|n}(n|HE|7) 5

Hp,i5])

real

(FAHE Iny(n|HE i)

SKO (cont.)
Hp + H}D — T~——}—}4

A
:1ﬂ
= +
An
N x
ual
i A . A
o 11. .
- po N, T -
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