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Background: Beyond Quark Model
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Background: Strong Interaction
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Background: Bare state + Coupled channel

Exotic
Hadron state:
Meson, baryon//Exotic

Hybrid  Glueball Tetraquark
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Background: Bare state + Coupled channel

Hadron state: =~ Coupled channel
meson, baryon//Exotic
Hadron level Bare state (single)
Interaction between  Phenomenological  +multi-hadron
..................... Hadrons model
o BareState .~ .
Interaction between I I
I {nteraction between  Quark Model IS not conserved!
/luark/G,u(y/ Non-Perturbative Hamiltonian Framework
( NPHF)

@ tanvemxsy o . &

S University of Chinese Academy of Sciences



Introduction of NPHF

Resonance
(Mass , Width, Pole position, Coupling)

J. M. M. Hall etc. PRD 87(2013), 094510

J.-j. Wu etc. PRC90 (2014), 055206

Y. Li etc. PRD 101(2020), 114501 _ _
PRD 103(2021), 094518 Hamiltonian
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(Phase Shifts,
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Luscher’s Method
M. Lischer, NPB 354(1991), 531

Partigi\Wave Lattice QCD
Anal
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Experimental Observable QCD theory

(Differential Cross Sections)
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Three body
RFT: Hansen and Sharpe,

PRD 90(2014), 116003; ...
NREFT: Hammer, Pang, and Rusetsky,
JHEP 09(2017), 109; ....

FVU: Maiand Doring,
EPJA 53(2017), 240; ....
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Introduction of HEFT  aweomamon
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IntrOdUCtion Of NPHF J. M. M. Hall etc. PRD 87(2013), 094510

. ) ) ) J.-j. Wu etc. PRC90 (2014), 055206
« Hamiltonian with discrete momentum

Continuum o< and |a(k,)) and  (B(K,)|a(K,))=6,,0(k, —K,) Resonance
i | i l (Mass , Width, Pole position, Coupling)
Discrete 2(2%)3 and (2%)6/2‘@—”& and (KK |k, k) =040,

0 GV g¥ (k) (k) g (k) e i i
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0 0 0 <o ena(ko) 0 g_};c(k‘o) (k(] JI’LD) U? (k’o L(]) il};c‘nc(ku,k‘o) (L(] kl)
v (Z) k) - g1 (k1) L11(’11 ko) 112(1’\’1 ko) - @Enc(k‘l:ko) L11(’11 ky) e
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(HO+HI) W >= FE|¥Y > Eigen-value < Spectrum T matrix
. (Phase Shifts, Lattice
Elgen-Vector inelasticity) Spectrum
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The Hamiltonian in a Box

Jia-Jun Wu ( UCAS)

Collaborator: T.-S.H. Lee, Derek B. Leinweber, Anthony W.

Thomas , Zhan-Wei Liu
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N Bethe Forum Multihadron Dynamics in a Box
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Story from ...
Akaki ( P~ 5L. ff% ZE B2 ) asked

What is really benefit compare to other Process ?

Hamiltonian EFT

I | try to answer: Exponential Suppressed
I 1. It is a different formalism Correction
o 2. EigenVector Model dependent
= . 4. Long-rang force other Method
Lu Meng, E. Epelbaum, JHEP 10 (2021) 051
Other Method | admit that this formalism can not provide more
e useful information.
I Hamiltonian Approach can be extended to multi-hadron case

Model (K matrix or others)

4 e But, now | found t
Bethe Forum Multihadron Dynamics in a Box
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The Hamiltonian in a Box

Jia-Jun Wu ( UCAS)

Collaborator: T.-S.H. Lee, Derek B. Leinweber, Anthony W.

Thomas , Zhan-Wei Liu
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Argonne & YADELAIDE
NATIONAL LABORATORY T

‘ Bethe Forum Multihadron Dynamics in a Box
Bonn, Germany, 10/09/2019
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H=

The Multihadron system
| B> |aijBk> | B, B, B>

i Vo v
| B> diagona\{ B ->a;B, decay 0
; ’ N’ E ?
| a;By> | 0B > BV % ->BB

. Rest Frame two body | Boost Frame decay

____________________________________________________________________________________

i | 81B283'> 618283 ?
| Bl Bz B3> . Three bodies contact
’ . Term

Long way, Heavy work ......
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« Hamiltonian with discrete momentum

mg 0 0 0 0 0 g1 (ko) g (ko) -+ gy (ko) gy (k) -
0 e(ke) 0 0 0 gy (ko) vy (ko ko) v} 5(ko, ko) v}, (Ko, ko) vy (Ko, ki) -
0 0 ek 0 0 g5 (ko) vyy(ko ko) vyo(ko, ko) -+ vy, (ko ko) wvy(ko.ki) -
[Holn,+1 = 0 0 0 0 0 [H I]Nc-ﬁ-l = 1:'5 . : y .. ; : ) : e
0 0 0 < €n ko) O . (ko) vn_1(ko, ko) vy o(ko, ko) -+ vy (Ko, ko) v, 1(ko, k1) -~
00 0 0 elk) gy (k1) ol (ki ko) o) o(ka, ko) <o wf, (kiko) o) (Kiky) -
B> |05 34> | By By B3>
|B> diagonal | B -> o;B, decay B ->B,B,B; decay
— . - > R? - R.
H= s W 0>

| B B B>

Rest Frame two body Boost Frame decay
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Introduction of NPHF

Kang, Leiweber, Thoams, Wang,
Yang, Wu, 2603.07205

Resonance

~ (Mass , Width, Pole position, Coupling)

Hamiltonian

B1B2B3-> B1B,Bs
Three bodies
Contact Term T matrix Lattice
(Phase Shifts, Spectrum
inelasticity) 14
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Introduction of NPHF

Kang, Leinweber, Thomas,

o \/(wl(k*) + wo(k*))? + P2 . wi (k*) _—— Wang, Yang, Wu, 2603.07205
o wl(k*) + Wy (k*) I w1 (k*) + W9 (k*) L
. w1 (K") + wa (P — k") o wi (k") N Resonance
K= 2 I 2 XL (Mass , Width, Pole position, Coupling)
V(i (k) + w(P — k7))? — P2 V(i (k") + wa(P — kr))? — P2 ! ! P » ~OUPIINg
o |ak*  wr(kwa (k) wi(K) + wa(P — k)
Ok wi (k) +wa(k*) wi(kT)wa(P — k)
B> |05 34> | BBy Bs>
|B> diagonal B -> o;B, decay B ->B,B,B; decay ) _
e i Hamiltonian
H= 1> N TN T
J - Rest Frame two body = Boost Frame decay

_________________________________________________________________________________________

| B, B, B> M e, Young JHEP08(2024), 176 P1P2P3 > B1PaPs
1 M2 M3 | i

Three bodies

Contact Term T matrix Lattice
(Phase Shifts, Spectrum
inelasticity) 15
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Li, Wu, Lee, Young
JHEPQ08(2024), 178

Introduction of NPHF

Infinite Volume: Three-dimensional reduction

T(p;,pi; P*) = V(py,pis P7) + /WV(pfgk s P7)Ga (k™ PT)T (K™, p;; PT)

Infinite - Finite connection
T=V+VGT T'=T+TGiT*
TV = v+ vGET: GE =G = &h

1 1
. . Go(k; P) = — — . —
Finite Volume: Rest frame -> Moving frame (k2 —mi +ie) (P —k)? —m3 + ie)
1k
TH(p}. e} P) =V (v}, el P7) + / éTV(pf K PGS (K, PY)TH (K", p}; P*) (1) kf = —wi(k*) + i€, (2) kf = P — wy(k*) + ie
T 2m\% 30 e P 1 | (2n)i 0 + (k")
G2 )= 2 (f) O )Gk, P7) GEE) 2 P k) B T k) — wall) By + ek ) el

k=02n/L)n (n€Z3)

L1 1 (2m)ié (kg — (F7 (k*)))
2Ld2(k*) PS +w1(k*) —a.'g(k ) PD —uul(k ) (k )+ 1€

TEh i P =Vhph P+ [ L S v i PG, TR s PY)

2m L% o 2am ez T(p}. pi; E*(q)) = V(p}. P E*(9))
SR 37 + B (p k*; E*(q) T(k*spj};E*(q))
/ d°k R / d°k ZJT (2m)3 dw) (k*)wa(k*) E*(q) — wi(k*) — wa(k*) + de
(2m)3 (27‘(’) L3

‘ 3.1
(1’1() r (]ll() (] ,l.’ d'l‘() 1 B Bk . T-r.L p*qu;E* 7)) = T p*!&)?;E* Y ( / d’k )
/ 27 <L32>j / / o (L:;Z / _(27r)3>‘7 (Py. pis E7(q)) (P} (q)) L%Z

dk* dSkr ,_T(p},k*,E*( )) T, L(k* p* E*( ))
r L % %, ¥\ __ * k. ¥ 0 r
T pp pis B7) _T(pf’p"’P H/ o \ L3 Z / ) 7 dwy (k*)w2 (k*) E*(q) — wi(k*) — wa(k*) + i€
x J'T(p;. k™ P*)Ga(k. P*)T"“L( i P*) 16




Li, Wu, Lee, Young
JHEPO08(2024), 178

Introduction of NPHF
A3k Brr 1 i
/(2@3 >/(%)3‘7 - w2l
k' = (k). k') = (080" + vk, k1) = Ak + BP + k7 .
P B \/a*Q%—P2 b*

\/a*Q_’_PQ’ - a* a*

V(@i (k) +wn(k))* + P2

[ =

wl(k*)

k" = ki + P+ k7.
w1 (k*) + wa(k*) T wor (k%) + wa (k) L
w1 (k" wo (P — k" N w1 (k" :
It — 1(k") 4 wa( 2) K — 1(k") : Pk,
\/(w| (k") + w2 (P — k7))" — P2 \/(w] (k") + w2 (P — k7)) — P2
g — ok* _ w1 (k* )w’z (k*) wl(k"') — wQ(P — kr)
ok” wl(k*) -+ wg(k*) w1 (k"‘)wg(P — k"j) .
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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 (lsospin)
—  |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}
- ’
0 vr
{Pf»Pi}J 18
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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), (0Oaa), (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}

- University of Chinese Academy of Sciences




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. Write 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

University of Chinese Academy of Sci



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, ¢4 #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
_1.5 L

mx = 208 NeV

m~= = 305 MeV

Scheme Zp Zw Zp Zw
A 742.3(5.3) — i 55.0(5.3) 777.9(14.0) — 0.31(0.09) 700.8(4.8) — i 28.1(3.3) 823.3(5.8)
Bl 744.8(5.5) — i 55.3(5.6) 779.0(10.0) — 70.23(0.07) 792.0(4.8) —127.7(3.3) 829.6(5.1)
B2 743.1(5.2) — i 54.9(5.1) 776.7(10.2) — i 0.30(0.09) 791.5(5.0) — i 28.2(3.4) 827.2(5.4)
B3 743.3(5.3) — i 55.1(5.4) 776.3(9.7) — i 0.33(0.07) 791.0(4.9) — i 28.2(3.5) 826.8(5.3)
_ vy :



w~pr~3m and p~2m

o<

. —— —— S
u + T U &
GZ + a; Gy

T(p, k; z) = U™(p, k; 2) —|-/ ¢2dq U (p, q; 2)Ga(q; z + i0M)T(q, k; 2)
0

-0.24 \

0.0

My = 305MeV

&
'

M, = 208MeV
EFT2
- EFT4

— GEN
— PDG ‘\d’::hy.m
-0.6
5

3 i
Re Ey/M,

Spectral parameters of the p resonance from lattice QCD

Yan, Mai, Garofalo, MeiRner, Liu, Liu,
and Urbach, PRL 133, 211906(2024).

p]‘ 0.00 - \\_:'@@ S W A
L M, = 305MeV = L
M, = 208MeV
-0.014 \
2
k B
[ <A
5::-1\ 0 | %\ \\:
& b
g \.\\,_:?"%‘ \‘I
- EFT2 7
L~ EFT4 NG
0.031  __ Gpn M \I\/
- PDG
1.04
G 3 1 €
Re E3/M;

CLOCD Collaboration = Zhengli Wang (UCAS, Beijing) et al. (Feb 5, 2025)
Published in: JHEP 08 (2025) 064 » e-Print: 2502.03700 [hep-lat]

Lattice spacing dependence ?

Scheme

m~ = 208 NMeV

m~- = 305 MeV

2, 20 2, 2.,
A 742.3(5.3) — i 55.0(5.3) 777.9(14.0) — i 0.31(0.09) 790.8(4.8) — i 28.1(3.3) 823.3(5.8)
B1 744.8(5.5) — i 55.3(5.6) 779.0(10.0) — i 0.23(0.07) 792.0(4.8) — i 27.7(3.3) 829.6(5.1)
B2 743.1(5.2) — i 54.9(5.1) 776.7(10.2) — i 0.30(0.09) 791.5(5.0) — i 28.2(3.4) 827.2(5.4)
B3 743.3(5.3) — i 55.1(5.4) 776.3(9.7) — i 0.33(0.07) 791.0(4.9) — i 28.2(3.5) 826.8(5.3)
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o~2m~41

o> |2m> | |4n> g - 2@ domm (k2 + ;m )JW(Z@’ k) F(k, Azr)

Lz

In S, group, only survive irrep is

|O'> 0 o — 21 o - 41
H —_— b o — (pp _))411- [2,2] which has two dimensions
I - 27T> O O _290—>47rfcr—>4ﬂ'(]zla ES; E2; E4)L70'7T7T7T7T (O; kla k2a k3a k4) H?:l F%(ki,AM)
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\W

parameters :
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o~2m~41

Fixed: g5 a,; by I'sry
A4;=300 MeV
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41t > 0
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parameters .
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NPHFforFVE.jl: from interactions to finite-volume spectra

N <4 - Julia 1.10+

A Julia package that turns a user-defined N-body Hamiltonian into symmetry-projected finite-volume spectra.

| YOU PROVIDE

FockChannel and Quantum Numbers
particle contents, masses, spin, isospin,...

Lattice Config Info

Box size, lattice spacing (only for unit),
irreps,...

User-defined interaction

| THE PACKAGE HANDLES

Finite-volume Hamiltonian

Automatically constructs the many-body Hamiltonian from the
supplied Fock sectors and interaction matrix elements.

Irrep projection

Projects the Hamiltonian to the selected finite-volume

irreducible representation.

result = compute!(project, my V, MyParams())

YOU OBTAIN

Low-lying levels
Ordered energy spectra for every
requested irrep.

Fock-channel weights

FockChannel components of each
eigenvector.

| Given lattice spectra, the package can also fit the parameters of a user-defined Hamiltonian.

https://github.com/yukangUCAS/NPHFforFVE.jl (2026), gitHubrepository.
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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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