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Problem

o Are there any cccc bound states?

Motivations

» Confinement
o Open channels, scattering

o ldentical particles, color

« X(6900)
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o Write—Horp-
Write Hiodel
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In practice: l 2
P Spectrum of Hyodel®
@ Answer the question
* Truncated
Problem:

None of the above steps can be done exactly
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@ Only two quarks and two antiquarks, but...

o Full set of degrees of freedom of each quark



Hmodel

@ Only two quarks and two antiquarks, but...
o Full set of degrees of freedom of each quark

@ Only two-body interactions
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e Harmonic oscillator a la AdS/QCD + complementary longitudinal
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Cluster decomposition principle



Hmodel

e Harmonic oscillator a la AdS/QCD + complementary longitudinal
H.O.

@ Two-meson states!
Cluster decomposition principle

@ One-Gluon-Exchange-like color factors



Hmodel
H = P+(P_

free

+V)-P2.

Interactions

Vo= / 51212 U BDog
1’2712



Hmodel

Interactions

Oro1a = 4w §(pi + P — P — p3) - (2m)? 6% (pr + P2 — P1 — P2)



Hmodel

Interactions

1 1
BDoce = 5| Cag |bl bl baby + 5| Cag |d d} dads +| Coq | b}, ol

__ 4a ia | _ a :a | _ia sa
— tintys | Caa| = tivtsy | Cog| = —tnty



Hmodel
H = P+(P_

free

+V)-P2.

Interactions

vV = / 1212 U BDogr
1212

Uu = Uconf,J_ + Uconf,z + UOGE .



Hmodel

Transverse confining potential

Uconf,J_ = 54 501/ 01 6(72/ ,02 4 6(X12 - X1’2’)
X (X12X21)2 (271')252 (kﬁ — kf72/) y

Ok
xi2=p;y /(pF +p3), X1 =1—xi2

Lyl L
kiz = X21p1 — X12P3
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Hmodel

Transverse confining potential

Uconf,J_ = 54 601/ 01 6(72/ ,02 4 6(X12 - X1’2’)
X (X12X21)2 (271')252 (kﬁ — kf72/) y

Oki5?
x2=p;/(py +P3) x1=1—x

1 _ L i
kiz = X21pi” — X12P3

Cq K X12X21(rf‘ — r2l)21/1M(12) r,-J‘ = —i8/3pf‘



The kernel of the longitudinal confining potential is, Hiodel

Uconf7z = _’Q4 601/701 602/702 (27T)252 (q1l2 - q#2’)
1 0 1 1 0 1
1/ D1/2/ 8X1/2/ RV D1/2/ RV D12 6X]_2 \/D712

4 o(xi2 — xvar) |

where
o kb
12 V X12X21 ’
@ = m X12 — X21
12 V X12X21 ’
and
Diy = dqi, _ m
! dxio 2 [x12(1 — x12)]3/2

1 o 1 0 1
We get — —| Cyq |5 — =m(12
€8 K: \/Dilg 8X12 D12 8X12 D1 QZJM( )



Hmodel

The kernel of OGE term is,

Uy yyuy tpryH up
Uoan(1'251,2) = —&" S\ Pl pips

where D is the energy denominator,

D — 1 pf_2_|_m2_pf?2+m2_pé_2+m2+p§72+m2:|
2 X12 X172/ X21 Xor1/
(P — p1)* + 12
X12 — X727

)
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Hmodel

Three eigenvalue equations

Hlp) = M?[y)
) = / Prdiz.p, Um(12) bjdf|0) — [1]
12
[v) = / P 01234.p; 7(1234) bibjdidf|0) —
1234

/ P} d13.p, ¥a(13) bidaT/ Pg 524.p, ¥5(24) bld] |0) — [3]
13 24



Single meson Hmodel

m? + k3 m’ +k
1211} ( ) X—2121/} 12 Z tll/tZ’Q'% U12’¢}MC1/C2/(12)

Cy/,Cyr

_/ Pl\-’/—lgl'2"PM tfl’t§’2 UOGE(1,2; 1l,2/)wM(1l2l) = M2 ¢M(12)
172/



Hmodel
Single meson

m? + k2,

—— 2y (12) + Ty - Tar* Oropm(12) = M2 p(12) ,
x(1 - x)

where x = x32 and

N ) . .
O, = x(1—x)(rF—rt)° = Ox — Ox —
’ ( )5 —r2) VD12 " D12 " \/Dyy

pn = mx(1—x)P? — w28 x(1 — x)dy + BLFQo

(2]

c1,c - N 82
o(12) = %2 Do) —  (4nf 4G ot s )6 = M2



Hmodel

Tetraquark
4 2 2 s 4
m* + ks Ti-Tir* ~ o
(L= DRD D T Urv(23e) = M y(1234),
i=1 1<j
o S TAT} for QQ
T;- TJ = Za:l Tia(_Tja*) for QQ

S (=TP)N(=T7) for QQ

T° =X°)/2



Hmodel

Two mesons

5A1/)B(24) + ki‘é n 531/1,4(13) + kj‘é

= M*a(13) vp(24) ,
XA XB
XA = X1 + X3, Xg = Xo + X4
2 k2 . . "
Ea = uwA(B) + T1 - T3 w* Ura(13)
X13X31
2 4 k2 - o -
&g = u¢3(24) +Tr-Ty K U24’¢B(24) .
X24X42
M2 kl2 MZ kL2
M = (Pay+ Ps)(Ph + Ph) = ~A 4B | T TIb

XA XB



Problem with negative M?

o We get negative M?

@ Modifications:
Htransverse = / P1 + P2 51’2’ 12 Uconf 1 BDOGE )
1/2/12
Hlongitudinal = / p1 =+ Pz 51’2’ 12 Uconfz
1/2/12
X [aBDOGE + g(a — ].) BDCI:| R
a=20.85
1 1
BDCI = 5C1/,C15C2/,C2 b]_/ b2/ b2b1 + b]_/ d2/ d2b1 + = d1/d2/d2d]_ .

CI stands for “color independent.”



BLFQ

@ Longitudinal box

NI

,... for fermions
for bosons

O NI
Holw

x“e[-LL], p" ="k, iz

N
w

. : ok
e Finite resolution ), ki = K, PT = 2%



BLFQ

Basis Light Front Quantization

@ Transverse basis of harmonic oscillator wave functions

| 2 2

Aol iml (90
(n+|m) " b2

B - 7= [ (v bl
== ﬁ m (@) bily,— xq .
P ™) O

Rl

D; = \/ﬁ/ (2m)? v (@) d"|pf:x/>7fq
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Amplitudes as wel



@ Truncation

Z (2/7,‘ + |ml| + 1) < Nmax

1

o M-scheme M, = %".(m; + o;)
@ Center of mass motion decouples in truncated basis

BLFQ



BLFQ

@ cccCcC states:

11234) = B{BIDID]0) .
@ Double counting and degenerate states
|1234) = —|2134) , |1234) = —|2143), |1134) = 0.
@ Relation of strict order in the set of all possible quantum numbers:

ki > ko
or
ki = ko and ny > n
or
1>2 & ki = ko and ny > n, and my > my
or
ki = ko and ny > ny and my > myp and o1 > oy
or
ki = ko and ny > n, and my > my and 01 > 05 and ¢; > &

o Keep only states with 1 > 2 and 3 > 4



e G|Color singlet) =0

@ Casimir operator G, = Z§=1 7a 7A"", where
~ knmo
o= S (tgm BB, — 2 D{Dz) ,
12
@ Casel: 1>2and3>14

1 . _ —_

1234.5) = o (2|rrrr> +2|ggZE) + 2|bbbb)
+|rgrg) + |grrg) + |grgr) + [rg&r)
+|gbgb) + |bggb) + |bgbg) + |gbbg)

+|brb7) + |rbbF) + | rb7b) + |brFE>) ,

BLFQ



BLFQ

@ Casel: 1 >»>2and 3> 4

1
1234, A = —(r rg) — |\grrg) + |grgr) — |rggr
| 1) mIgg> lgrrg) + |grgr) — |rggF)

+|gbgb) — |bggb) + |bghg) — |gbbg)
4 |brb7) — |rbb7) + |rb7b) — |brFE>> ,
@ Case2: 1~2and 3> 4

|grgF) — |gr7g) + |brbr) — |brFb) + |bgbg) — |bggb)

1234, Ay)
V6

@ Case3: 1 »>2and 3~ 4

|grgF) — |rggF) + |brbF) — |rbbF) + |bgbg) — |gbbg)

1234, A
| 3) NG

@ Case 4: 1=~2and3~4

|grgF) + |brbF) + |bghg)

1234, A =
| 4> \/§




BLFQ

@ Example of a matrix element:
A 1
_ 2 2 o lpipt
Vo = 3 62 . t5stge Vo656 5 Bs, Bg/ Bs Bs

(1'2'3'4' S| V,q]1234,S) =

1
5 (Virorie — Vargrio — Vir a4+ Vo 12.1) dey e Oey e



Results

Table: Parameters obtained from fit to experimental meson spectrum.

m K o
1.25 GeV  1.21 GeV 0.367

Table: Fitted masses in MeV. Nyax = 6, K = 0.

77c(15) J/ Xc0 Xcl Xc2 he 7]6(25) w(25)

Fit 3031 3067 3415 3517 3564 3474 3676 3666
Exp. 2984 3097 3415 3511 3556 3525 3637 3686
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Numerical artifacts

o Kinetic energy penalty

M2_free ( N1 Kl) M2_free(N2 K2)
2 2 free _ H cc ) cc )
AM - Mcccc (Nmax7 K) AT’IEI Kl/K KQ/K



Results

Numerical artifacts

o Kinetic energy penalty

M2_free(N K ) M2_free(N K )
2 2 free e cc 1, N1 cé 25 N2
AM® = Mz z&(Nmax, K) /\T,IE1 KK + KoK
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Results

Numerical artifacts

o Kinetic energy penalty

MZEee(Ny, K1) | M2Eee(Na, K)
Kl/K Kz/K

AM? = M2EC(Npay, K) — min[
N1, Ky

Mjcorrected \/M2 full Ninax, ) AM2(NmaX7 K)

cccce cccc



Results

Numerical artifacts
@ Kinetic energy penalty

M2_free(N1 Kl) M2_free(N2 Kz)
2 _ 2 free _ H cc 9 cc )
AM™ = Mecee" (Nomax K) = min [ Ki/K KoK
Mzt = M2 (N, K) — AM2 (N, K)
Ninax 6 8 10 12

AM? [GeV?] 1213 1.013 0.659 0.584



Results

@ Two-body threshold estimate

7/ o [MEET (N, Kq) N MZEN (o, Ka)
N1,Ki Kl/K K2/K



Results

@ Two-body threshold estimate

7/ o [MEET (N, Kq) N MZEN (o, Ka)
Ny, K Ki/K Ko/ K

Ninax K
Tl(Nmaxy K) = 2\/M36full < 2a 7 E)



Results

@ Two-body threshold estimate

2 full 2 full
o min | Mez (/VlaKl)JrMca (N2, K>)
Ny, Ky Kl/K Kz/K

Npmax K
Tl(Nmax7 K) = 2\/M35fu11 <27 2)

@ Four-body threshold estimate

T, = \/Mgwo—meson(Nmam K) - AM2(NmaXa K)



T T T T T T
GeVv Boore B . u corrected
SRS ST SEEE T T I Mz

7_ -
6_ .
5_ -

---T;

4 ] , ] , 1 . _T2

6 8 Npax 10 12

K=6M 10e, 14 ¢, 18 %



T,
T

full
cece
corrected

® x* >

ceee

Nrnax =12

Extrapolations K — oo

0 118 1/14 1/10 16

x| =



T,
T

full
cece
corrected

® * >

ceee

Nmax =12

L MBI = (7477 + 2) MeV

Meomected _ (7438 % 2) MeV/
T, = (7009 + 111) MeV
T, = (6748 + 225) MeV

0 118 1/14 1/10 16

x| =



Summary

Cluster decomposition principle
Identical particles
Color singlets

We computed tetraquark mass and thresholds numerically

Ground-state tetraquark seems unbound

cev[ = . .| e

Outlook

@ Solve negative M? problem and improve the computation
@ Apply the lessons to other systems
e J/u J/v scattering?



