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Outline

 Overview of the current situation;

* Fermi Statistics and BO approximation: what do they tell us?

o QCD couplings and Fierz Relations
o BO approximation: Consistency Condition
o Some results

* Asimple model for pentaquarks

o A different point of view
o Our ‘Hadro-Charmonia’ model: the role of the exchange interaction
o Some results (part two)
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Current situation

E State Mass [MeV] Width [MeV] || Observed Process | Year
E P.(4312) A311.9+ 0755 | 98+2.75% || A = (J/vp) K | 2019
P.(4337) 433717 13 29178 14 | B = (J/yp) P 2022

] —¥

E P.(4440) | 44403+ 13757 | 206 4.9, | AY = (J/wp) K | 2019
| P.(4457) 445730671 | 6.4+£20"00 [ A) — (J/vp) K~ | 2019
[ Poy(4338)% | 43382+07+04 | 7.0+£12+13 | B~ = (J/A)F | 2022
& P..(4459) | 4458942917 | 173+65%0. |, — (J/YA) K~ | 2021
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R. Aaij et al. arXiv:1904.03947 [hep-ex] (2019), R. Aaij et al. arXiv:2012.10380v2 [hep-ex] (2021), R. Aaij et al. arXiv:2210.10346 [hep-ex] (2021), R. Aaij et al. arXiv:2108.04720 [hep-ex] (2022)
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be in a color octet, coupled to the light quarks to make an overall color singlet

Ppo = [5(336))\Af3(33c)lBA,“

~ -

Starting Point

We will consider a Pentaquark made of ccuud. The natural choice is to assume the heavy quark-antiquark pair to

gu—

—

P (up, dlus) = 0(urd)AN us = usd’ (€qpe Niy) ud
Q_(qq,)a = €abe qbqfc

(Color part)

@A(ulj dlug) = H4 (€Eabe )\ii) -ug

¢r1-b (u,d) = (u“rjh + -u.bff-a)

(u1,u2)s,d)s

[(u1,u2)6,d)s

(uz2,d)sz,u1)s

|(u2,d)e,u1)s

(u1,d)z,u2)s|  +1/2 +/3/2 1/2 —V/3/2
I(u1,d)e, uz)s V3/2 —1/2 —/3/2 —1/2
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This table can be derived from the
group S5 of the six permutations of
three elements



QCD couplings and Fierz Relations

T'=al(lcq)r, ---)1+bllcq)ry - )1+ ... > Aeg = @ Aeg(R1) + b Aeq(R2) +

9
gcq - GS/\CQ x

Ao = 2(Ca(R) — 8/3)

T~ Q@0 = [ 21Q0)s(@D)s — ~=I(Qu)e(@la)s = |/ 3(@0) 1)~ Z=l(@0)s(0Q)e)1

T = (QQ)s(¢q)s)1 = |(Qq)s(¢Q)s)1 = |(Qq)3(¢Q)3)1

G. S. Bali QCD forces and heavy quark bound states arXiv:hep-ph/0001312
L. Maiani, A.D. Polosa, V. Riquer The Hydrogen Bond of QCD arXiv:1903.10253v2 [hep-ph]
L. Maiani, A. Pilloni, A.D. Polosa, V. Riquer Doubly Heavy Tetraquarks in the Born-Oppenheimer approximation arXiv:2208.02730v2 [hep-ph]
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BO Approximation

Consistency Condition

Quarks of different flavor in the same orbital must share the same QCD
coupling to the heavy quarks at the center of the orbital

)‘c:q — /\c:q’ )*f_:q — Aur_:qr"

¢d=-orbital

29/02/2024

-orbital

d-orbital h-orbital
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Where is the Fermi statistics?

The light quarks must respect the Fermi statistics

Flavor+ Spin

Colour |Coordinates| SU(6) Notes
M S 0 (M) Colour @SU(6): A
M M 56 (5) | Colour @ Coordinates: A
M M 20 (A) | Colour @ Coordinates: S .
M M 0 (M) |Colour @ Coordinates: M
1 1
S = — (MM + M} M3 A= —(MMy — MMM
\/5( 1 2 ) \/E( 1 2 ) B
M? = %(M PM3 + MPME) M = %( M{ME — M{M3)
S. Capstick and W. Roberts arXiv:nucl-th/0008028 [nucl-th]. -
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M* =1(q1,92)6 3)8
MP = |(Q1 q2)3 q3)8

Fr = (H,ldg — dl’ug]’ug

7
1

F}\ = —— [(i;‘,l(iz -+ (ilug)u;; — 2".‘1,1?..‘.-Qd3:| (octel)
\/_

FS = —3(051 ugug + urdaus + uiuzds) (decuplet)
1

NP =n [6(1)¥(2) — &(2)¥(1)] &(3)

+ ¢(2)p(1)]o(3) — 2¢(1)p(2)9(3) }

(1) <1, (¢, ¢p = real)

1
and dl ¢(1
— s/



One Orbital Case

Colour

Coordinates

SU(6)

Notes

M

I..L.-;

70 (M)

Colour ®SU(6): A

70 : (1,1/2) I:I::..I:. (8,1/2) @ (10,1/2)
@ NOT POSSIBLE

ps ,3/2,1-orbit \_/5

1

[MPFA —

ﬂ ‘Gauge Fixing’: d3 = d

Pa .3/2,1- orbit(d3 = d)

2 1

/\t o . /\u c—

le 6 i 1C 4

T 1

/\tt: —_— — = /\u =

iz 6 =+ e = 7
29/02/2024

1

inm{.}\f-up] ® X"}' — __{_
\/_

= I:“'l': 'UE]d = +%[d, uajuy — g(d’ U2 )y
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d

([-ul, dg]ﬂ:; -+ [()!1.,'?112]?..‘.-3 — 2['{‘..‘.-]_3 ?Lg]dg) + ((?L]_.I.dg)?..‘.-g — (d]_.l. 't‘.f.-g)?i:;) }

s8(0q)s)1 = \/_\(Qf.?)s (QO)3)1 — —\(QQ)B(QQ) )

(QQ)s(0q)s)1 = \/g“@f?)l(éQ)l) - %KQQ)S(éQ)sh

(QQ)s(dq)s)1 = [(Qq)s(¢Q)s)1 = |(Qq)3(6Q)3)1



Two Orbital Case

We can demonstrate that there are few possible combinations.

Assuming that the lower state has S,,, = 1/2

56:(8,1/2)

d=-orbital r=orbital

Colour | Coordinates| SU(6) Notes
M S 70 (M) Colour ®SU(6): A
M M 56 (5) | Colour ® Coordinates: A
M M 20 (A) | Colour ® Coordinates: S
M M 70 (M) |Colour @ Coordinates: M

56:(8,1/2) &

20: (8,1/2)
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d=orbital

-orbital




Conclusion (1)

What | have shown applies to a proton-like pentaquark, but one can easily introduce strangeness by simply considering the
substitution u, = s and using the rising (or lowering) operator of Vspin.

Combining the spin 1/2 of light quarks with cc¢ total spin (0, 1) we obtain three pentaquarks octets with spin compositions:
2(8,1/2) + (8,3/2). We expect therefore three pentaquark lines for both S = 0 (strangeness) and S = -1, with

Pis=0) — J /v +p Pia,s=—1) = J /Y + A

The two alternatives, 56 or 20, are distinguished by presence or absence of pentaquarks decaying into spin 3/2 resonances,
e.g.
P(JZS:O) — J/1+ ATT — J/+p+ 7T

Further study can be conducted by applying the BO approximation to compute the mass differences with respect to the
ground state, i.e., those due to the hyperfine interactions.
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A different point of view

P/ [ccuud]

< 7 1Y%
. _ A300Y 4335 4360 4385 4410 4475 \\ /4480  Mev
 We divide the spectrum according to | \ . ! \ \
strangness content. E I — J/yp K- i ! ':
|} | - J/¥p p VA
 Data suggests two different type of ‘\ /’ 4 ‘\ ,,’ ‘\ )
production: in association with a K~ | 4312 4337 3440 4457
or with an p.
0 —
* Pentaquark seems to appear in triplet Pcs [ccuds] .
43| 10 43|3EI 43|60 43|85 44|1[] 44|35 élzIEiO MeV
Can we build a model to account |s=1 — }';ﬁ K
) 2 - - p
for these properties? -
I
4338 4459

29/02/2024 QWG 2024 IISER
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An ‘Hadro-Charmonia’ Model

* The starting point is more or less the same of the Born-Oppenheimer
approach. We consider the cc system in a color octet as well as the three
light quarks sysyem;

* Fermi statistics for ligth quarks;

Interacting fermions...

29/02/2024 QWG 2024 IISER 12



Exchange Interaction! Three Fermions Case

1
V =— E Jﬂ,b (2 + 28(1_ ' Sb Generalization of the well known two fermions case

pairs

> Jab = / (Pa(r1)dp(r2)]* U(ry — r2) [pp(r1)da(ra)] d’ri d’rs

The potential has three distinct eigenvalues

AE 5 = i\/Jizz + Jiy 4 Ji3 — JiaJi3 — JiaJoz — JizJo3

AFE3/0 = —J12 — J13 — Joz
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An ‘Hadro-Charmonia’ Model

* The starting point is more or less the same of the Born-Oppenheimer
approach. We consider the cc system in a color octet as well as the three
light quarks sysyem;

* Fermi statistics for ligth quarks;

* Exchange Interaction. But to use to use the exchange interaction, we
need to have a precise symmetry on the spin-orbital part which means
a complete symmetry in the color-flavor sector

29/02/2024 QWG 2024 IISER 14



Symmetrc and Antisymmetric Combination

abc a b C a b C a > > a.i _b.q 1 a.i
1. Siﬂb’f =0 (772[ 773'} e — 77; 77;77@) =0 (77[@77?}7716 — 77[j77k}77@) N =g

aoc a 0] ¢ a bl c a c a cC ai b b rad
2. AL =6 (0" WE — el upus) = 6 (WUt — eluRyus) it = gbage
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Baryon Octet Matrix

We consider the greek letters to be spin indices and the latin letters to be flavor ones

ik il
abc abc abc a b a1 J
BGS’Y — Cijk (SG J)’}) :> Boz,ﬁ*'y — Cijk ( [oﬂ%ﬂ wﬁ w[ﬂwﬁ}wa)

Baryon Operator

A X0 +
a 1 cda Ve V2 KOZ 30 P
— - a ___ '— y .
By = 26 bed B —y Bj = y NG n
— =0 2 A0
| S— | S— ‘\/E

1 auiu
D, +§> x wlutadb — wTutd {Bl } o dipugup = upupdy — upuydy

H. Georgi, Lie algebras in particle physics. From isospin to unified theories
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Symmetric and Antisymmetric Combination

(i, by

abc a bl ¢ a bl ¢ a & a & a.i b.j g oai
Sngk: =0 (772[ 773-} M — 77; 77,%}77@) =0 (77[7;77%7% - 77[3-772}77@) P N =

a, C a bl ¢ a C a C

A = 6 (" v v — s ) = 6 (vl — vk )

gl

(R —q)ld gt

29/02/2024

A) — (J/p) K~

The diquark ud has initially [ud]gg o, (800d diquark) so it means that

is in @ symmetric configuration wrt color-flavor. We assume that the
color-flavor symmetry is preserved in the process so we choose the S
tensor for the pentaquarks produced in association with K .

QWG 2024 IISER 17



Our ‘Hadro-Charmonia’ model

* Fermi statistics for ligth quarks

Color-Flavour + Spin-Orbital
S A

A S

* Exchange Interaction

1
V=- Z Ja.b (2 + QS(L . Sb)

pairs
* J couplings:
' interactions in one gluon . .
Experimental a9 . g + Spin assignment
Data exchange approximation

29/02/2024 QWG 2024 IISER 18



Conclusion (2)

Mass [MeV] Mass [MeV]
P.(4312) (4311.917) P..(4459) | (4458.87% )
P.(4440) (4440.077) P’ 4541 + 6
P,(4457) (4457.3ﬂ_3) P’ 4565 £ 6 P%.(4459) E]; N (]/LPA)K_
P/ 4187 + 7 P.,(4338) | (4338.2 £+ 0.8) : —— DCE o
P! 4276 + 12 P 4387 + 4 % f
P.(4337) | 4332+ 7 (433777 12) P/ 4435 + 4 50| , J

We have the spin prediction for these particles. Each triplet is
ordered from top to bottom with S = 1/2,3/2,1/2.

S

o
—_——
- —
(R S—

Yield / (20 MeV)
w
o

Symmetric [MeV]

Antysimmetric [MeV]

No symmetry [MeV]

J4a 29.9752 —42.877¢ -
J 17.9 4 2 —25.7+2 ~3.9+2
R. Aaij et al. arXiv:2012.10380v2 [hep-ex]
29/02/2024
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Please be kind with the questions
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Backup

QWG 2024 IISER

21



D(r)M* = M*
D(m)MP = —M?

29/02/2024

The S 2d representation

E:

—

(03)

D(Tg)ﬂ-f}k =

D(Ul}ZE

—1

Dmﬂ:%(iﬁ

V3

D(ry)MP = %Mﬂ _

asc

V3

i}

)

S

M?; D(13)MP =

1
MP — ZM» D(ra)M* =
> 5 . (13)

__\/l’g) D(ngl =
V3
1
SM7 +

- |(U1,H.2)g,d>3 |(U1,U2)5,d>8 |(u'2:d):§=ul>8 |(H-2=djﬁ,1.£1>8
((u1,d)z,u2)s|  +1/2 +v/3/2 +1/2 —V/3/2
I(u1,d)e, uz)s V3/2 —1/2 —/3/2 —1/2

QWG 2024 IISER

V3

M

-1 3

3 —1
171 V3
2 \v3 —1
bsc

2
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The spin 1/2 octet of 56

1 b Yy b g by L (6w d I b d
P = (éc) x — {—E {[ql‘j.qg lay — (g1, 45 .1'-!’;_4,} - 75 (_:’,rl.:;r; lgs + [ay a5 ]ay — E[g‘f.q;]qg)}
N

V2
ﬂ It can be recast
n ; ¥ ! . : : ; - [(u1,u2)z,d)s || (w1, u2)e, d)s |||(u2, d)3, u1)s || (u2, d)s, u1)s
P = (éc) x — {[f;f’.gi]gi + eyelic permutations in l_.:l.ﬂ.} ndaaal 112 | V32 s | 3R
".."IIE B [(u1,d)e, uz}s V3/2 -1/2 —/3/2 —1/2

i ]' 1) -
This tensor has to be combined with S(56) = —=[F/x" + I M
vV 2

We may bring the d; in the same position. One obtains the superposition of three replicas which are cyclical permutations of
the assignments of u and d flavours to quarks 1, 2, 3. In practical calculations, we may decide that the d flavour is in quark g5

2D o SRR — (o n |1 ¢ o oy 36\ L L (e v a6 g ¢ W
= \/E,D(zg::b(afﬁ)_ (cc) X\—/ﬁ{ﬁ((ul uy)1d? — (u¥,ud),d ) + \/ﬁ([ul,uz]lfi + [u¥, ud)1d® — 2[uf, ud] d" )}

29/02/2024 QWG 2024 IISER 23



Young Tableau

ﬂ_jra.bc — (Tabcj a|b ) _ Ta.bc + Tba.c - cha. B Tbca jlar'abc — (Tabc- a | c ) _ Tabc + cha o Tba.c . Tcab

Habc - (Tﬂbc. a|b ) _ Tabc o Tbac 4 cha o Tbca,

C

Sab}g — MZJkMabc 4 M?/kj Ma,cb ]
t)

(Anti-) Symmetric
____under the exchange of
any pair

Azajblg — MZ]k Ma,bc M%k] Macb e.g. (i,a) & (b,))
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J parameters: how do we fit

— h’

P} [ccuud]
|

| | |
4340 4335 4360 4385 4410 4435 460 MeV

ud ; -
Sijk = updjur + updju;
43112 4440 4457
_1 =3 =1
>=3 =3 973
Lt =J8 >0,  J3=J3 <0

We search for a solution of the sistem that respects
the constraints on the sign an ratio of the couplings.

M pp+ (4457) — Mo+ (4312) = 2|JE — J4|

2. ' M, ¢ (4457)+M 4 (4312)
ﬂ-jj;: +( 1110) r+ 5 + 9. ]qq ]qq
1 _
3. Jg = —5Ja4 —> 2(C(6) - 20(3)) = ~(C(8) ~20(3))

e

29/02/2024 QWG 2024 IISER 25



J% = R JE

uds

s . JE+IT 1+ k
ik = Udjse +updysi o g% =g ="5 "4 = ———Ji

2 9 75

qs

K S
ki = &—gg ~ 0.60 — JY =k, J¢
. A

Symmetric [MeV] | Antysimmetric [MeV] | No symmetry [MeV]
J44 20.9752 —42.87%¢ -
J4# 179+ 2 —25.7+ 2 -3.9+2
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