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« Hamiltonian with discrete momentum
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Introduction of NPHF

Kang, Leinweber, Thomas,

o \/(wl(k*) + wo(k*))? + P2 . wi (k*) _—— Wang, Yang, Wu, 2603.07205
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B> |05 34> | BBy Bs>
|B> diagonal B -> o;B, decay B ->B,B,B; decay . _
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otor ) Introduction of NPHF

Kang, Leinweber, Thomas,

o \/(wl(k*) + wo(k*))? + P2 . wi (k*) P o Lt Wang, Yang, Wu, 2603.07205
B w1 (k*) 4+ wa(k*) o1 (k%) + wa(k*) TR
e w1 (K") + wa (P — k") o wi (k") P41 | Resonar_](_:e |
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o |06 wi()wn () wi(k7) +wa(P — k)
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B> |iiBy> | BBy Bs>
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Reduce the dimensions of Hamiltonian

B> o3, > > :
| 2B [ B1B2B; 1. Find a complete set of
IB> |diagonal B ->qB, decay = B->p,p,B; decay reference momenta (Isospin)
—  |a..B.> 0P -> o5B 0 => B iB; :
H | 'JB K Rest Frame two body ' Boost Frame decay 2. Solve the I-matrix
B.BoBa-> BiboP eigenvalue equation
| B, B, B3> Three bodies
Contact Term 3. Write the finite volume
F i Veg O Viegg O potential for specific irrep
v, 1% F F r’ r’
by (prod oee}| | Vea Vieey| 0 Vg 0 Vg
1= |yF F F F Ve, 0 V. o | 4. lve the Hamiltonian
V{p”" 2 V{p 4 gy e o e Sio er?vtaleue aroblt:ma
r’ r’
VF 0 0 V{f’,f} 0 V{fl fl} g p
{pflpl}
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0 vr
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1. Find a complete set of reference momenta
H = Br05(1°) S(n%) =A{n|n =gn°, g€ G}
TWO-body i A deid) = 37 Dt (Ra() D52, (Rea(d = 10)) 17, A, Ao)

— == = Helicity form
91T Au, Ay @) = ¢~ (e T R20u(00) |5 Ay Nyigd) Vg € OF
P |T_i,)\_7 )\_7 J) — neiﬁ(&(ﬁ)51+A(d—ﬁ)sz) ’—ﬁ, _ﬁ) _&’ _J’)

(Y By = X 3 @S ) i LGH) T #£0

S(ﬁo) _ A120A2=—s2 A1=—51 2220
Zl: ZQ: P Sx, 1, (7°) otherwise S22 (717) = span {g [7%, A, A2) , g € G
L A1=—81 Aa=—52 -
Here reference momentum 7° is for (7i;, d — ii,) only 7 types with d = 0, (000), (00a), (0aa), (aaa), (0ab), (aab), (abc)

Three-body

Here reference momentum 7n° now is for (71, 1,,d — n; — 1n,) which are 54 types when d = 0

S({n?}) = span{g {7°}), g € G}
Therefore, instead of focusing on only few patterns as in the two-particle case, we must now perform

calculation for each momentum.
Prawwewxy o . . 4

-
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1. Find a complete set of reference momenta

H = Dr.S(1i°) + Isospin space projection

TWO-bOdy 7, A0, Ao) = |7 T, Ty Mg, do) = Y Cplzp o[ (78), Aus w7 (d — 71), Ao)

i
d =75 1, L Mgy M) = (1) 7202 1L A, Aa) Sy, () — spanfg %1, 1 A da) , g € G
Uii) ={g € G | g =d—r}
Case 1: U(1°) =0
Case 2: U(T)T =Q&U(R°)” # O Mo Ao,

)
FAOLUR) =0 ST = Y Y DS - Y

same as before

Case 3: U(n°
Case 4: Ut #D&U) ™ # O 8= Y BSun =3 S BSual)
Three-body T

{i}; 1, LiTs,a) =y Culzis, |at (i) n' (i) w™ (iis)) 3 (q{ Q;F;B) CLlTs =0 REg(s) Vs € Ss
i1,2,3 182,13
s [ ()2 () w'® (3)) o= |w'*1 (fly)w'™ () w*™s (7)) = |7 (s, )72 (s, )72 (7))

Sts({fi°}) = span{g |{ii°}; I, I.;Ts,a),g € G,a=1,--- ,dimTg}
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2. Solve the I-matrix eigenvalue equation

) AmT - - . .
P, = E Q;;Dﬂy(g)g {PED 7%, A1, A2) ,v=1,--- ,dimI'}

If {|n; >} are dependent, we can extract independent state from I;; =< n;|n; >, by find eigenvector of I-
matrix of nonzero eigenvalue.

Two-body

150, = 57 D (g) (7% A Al 9177 A o) = S DV (g) (% A, dal g 1%, A, Do)

geG g€Per(R)
( Z( )Dr(g)'R(i’(g))-sign(fio;g) if M =X =0
gEPer(mn° .
_ 1 if ge Gt
DV (g) - R (®(g)) - e~ 2(ew(ig)tew(d=ig)) if A\ = Ao = A sign(i; ) =< /an .
_ gepg(:ﬁ"ﬁ ) (#(9) AL=2 =270 (7:9) e_”(A(")SlJ“A(d_”)SZ) it ge G~
> DU(g)R(®(g)) e AP ER0) ign(iivig) A = —dg=A#0
g€Per(ri2)
S Dl(g) - e (Rupu(a)tAzen(d=iig)) otherwise
\ gELG(i)*

Three-body
Ly o, ({7i%}) = dLi'r {71} T, bl Pl By, [{i°): T, a) = 3 ({1} Us, blg{ii*}: Ts, a) Dy (9)

geG
— Y ({#°}Ts,blgl{ii°}; Ts, @)DV, (g)

Per({7°}) P
1 @teReRRT o o




3. Wirite the finite volume potential for specific irrep

r AL N v 1% [ ~r | pl't (7L pl' | =
TWO—bOdy/ Three—bOdy l/TL':)T’Jl:,,T‘ _NnuNﬂL :[Cri",]v" [Cn',,]l/ <?10| IDHV-'V }),u:/ ‘nﬂ)
. . . 1 P o
| => eigen-vector => basis => potential \/ LG, LG ) |Z ([ez)t- D (9) - ]) (i, VEg 7o)
gels
e s 1 Y S S— > ([c;;.’,} "(9)- D" (h) - [c; ]) (7| VEgh |iio)
> ({7 A1 § lea ({77, AYN)) D (9) ILG@)ILG()| °
gePer({7ir}) heLGlr)
Ny .
== Y ([c]t-DV(g) - [c,]) (| VEg 7o)
= AT CT N, gCL(I(n‘U)( )
S ()t D) - ) VE (gt
T p) NZZ Jow D)5 (9) § lon ({7, A}w)) " 9€LO(Ro)
bv geG r
V{F } V{f,s‘} 0
¢’ r’
0 Vg

4. Solve the Hamiltonian eigenvalue problem
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w~pr~3m and p~2m

|p> |mm> (pom(k, 0s =) V]wo, o) = _G'Zf}g;” tr—arita Voo ()Tt (0, ),
— — A~ — — 1 — =
H p — |p > 0 p — N1 (p()ﬂ(k’.?a,; _k/)‘v‘poﬂ—(k’o—: _k» = ch(k, ) k)()aa’jpowpoﬂ(k/ ]f, k, k)
| > 0 (po, | V(27 (k15 k2)) = vo (ki ko) = vk, ko) Y75 (K]) = gf”yla( 5) Tpomm (R + Kol K, k),
(pom (K, =K V13 (kys kaskia)) = D 67 (K + ki) (po (K, o) [V |27 (I, ).
(2.5.1)
lw> |pr> | 3> F(k A ( 2 \2 Dpmm Aapm Mprpn
= k2+A2) fi 1 GeV, 1 GeV ,0.5GeV
|w> 0 W > pr 0 ixed as 1 GeV, 1 GeV ,0.5Ge
HI — |pmt> prt = pr | (p)n = (nm)7 Scheme (MeV)
""""""""""""""""""""""""""""""" parameters : A: Om=0, ¢y #0
13m> 0 :
mp’mw(: mp -+ 6m) Bl: dm = O, C1 = 0

(| V2 |ii) =

L //_\v/\v/ﬁ\\ I o e

(27/L)™ (pa| V. |ps)

Bl: om =15, ¢; =0

ngL'TL" .ga)pnr C1
Bl: om =30, ¢; =0

Y ) ?(&] éﬂ}”? &/5‘6 m
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w~pn~3m and p~2m

27 (208) a7 (305)

06F it . ™ . at N 3 305 _K
\i\ LA 06} : o MeV. %2 mggs m.;g.) o Geop ¢1/107°  &m

. " Ny 5T~ A 1.2 831(13) 872(10) 7.70(0.45) 29.071%* 1.3771  0(fixed)
o ! Bl 1.2 831(13) 872(10) 7.67(0.45) 26.4(3.5) O(fixed)  Of(fixed)
] —— e e ——— B2 1.1 831(13) 872(10) 7.69(0.45) 30.7(3.1) O(fixed) 15(fixed)

32 40 48 32 40 48
Lfe L/ B3 1.1 832(13) 872(10) 7.70(0.44) 34.4(3.0) O(fixed) 30 /(fixed)
(a) (b)
3 (208) 3 (305)
oss| T o b T~ Olny| MY SN mm UMY XY ], gonn
050 b i ____""'--——-.________ nﬁl_ s o6 A “\ \ osl \\\ N\ \\ \\ \\\\ d . d b
50k —a_ \ o] O6R S ' NN NS L
0.40 F rJI-m i \ \\\ \\ ol \\\ \\\ Mo ‘ s Spectru m
0.35 ' 05l "‘\ 1 %0 AR A L
o ! | 035} . _ \ 05 2. ¢y and ém can be
.30 i . 3 —o | P \ AN 14 : 15 '
32 . 18 32 a s N \{ N N | ol I . effe ct|ve|y
. 9 Ar ! 0.5F “3
©) Me/MeV | K e X3y M I { absorbed by the
Yan, Mai, Garofalo, 05 | aptao Sgm 125 ' coupling g pr,
Meifner, Liu, Liu, and 208 | atmo  Hm 15T of : i which mainly
Urbach, / oINPT 36 i | 031 determined by the
305/208 39 EFTI fit 2 {2 = 3

PRL 133, 211906(2024). w cBFT 2.29 32 ) 18 32 ) 1 05 / i 023 ) 15 w Spectrum.
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w~pr~3m and p~2m

= —+ T
— = = . . —— ——
| T = U + T U
e — _ :‘:O:
G, = G + G, G
—er = ==
_U_=X+ E + M

o0
T(p; k) =T (p.kyz) —|—/ ¢2dq U (p, q; 2)Ga(q; z + i01)T(q, k;
0

Re(z/mr)

3.0 3.5 1.0 4.5 5.0 3.0
0.0 T T T
Region for omega search o
—05 F shifted rho resenance
M
\‘\;
—1.0
threshold branch cut
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Summary

* We introduce the Non-Perturbative Hamiltonian Framework (NPHF)
approach, which connects the quark-gluon level to the hadronic level via a
bare state, establishing a coupled-channel model with varying numbers of
hadrons to achieve a comprehensive understanding of hadron properties.

» \We provide two examples: three- and four- body case

1. w~pm~3m and p~2m, obtain the pole positions of w and p from the
real lattice spectrum.

2. o~2m~A4m, by fitting the 7w s-wave phase shifts and assuming I, we
provide the lattice spectrum of this four-body system.
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