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Terminology

I. Bigi, L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer,
Four-quark mesons in non-leptonic B decays"
Phys. Rev. D 72 (2005), 114016; [arXiv:hep-ph/0510307 [hep-ph]].

« R. Jafte (1977): light scalar mesons = diquark-antidiquark states

e Maiani et al. (2005) X(3872) = diquark-antidiquark state

* Bigi et al. (2005) hidden charm exotic mesons=4-quark states(for brief)

* later tetraquarks”, then “compact tetraquarks”...

e ...to distinguish from molecular model: 4-quarks segregated into two mesons
and bound in a hadron molecule by pion exchange (like atomic nuclei);

* Bigi et al. were the first to suggest that non-leptonic B meson decays could
provide an efficient source of exotic hadrons, a process much used in later
experiments to discover tetra- and pentaquarks.

\

tetraquark

B* C\

u

LHCb, CERN, 05/10/2023 FIG. 1: Quark diagram for B™ — K + X, with X = (ctqq’). 3



No consensus, yet , on the structure of

Hidden Charm Tetraquarks

Hadron Molecule

- Nuclear

q 1 g1

F-K. Guo, C. Hanhart, U-G Meifner,

Q. Wang, Q. Zhao, and B-S Zou,
arXiv 1705.00141 (2017)
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No consensus, yet , on the structure of

Hidden Charm Tetraquarks

- Nuclear

q 1 q 1

Hadron Molecule

QCD
Forces Compact Tetraquark

1

QCD HadroCharmonium (1)
Iduded Al Quarkonium Adjoint Meson (8)

More variations in recent literature
For a review, see:

A. Ali, L. Maiani and A.D. Polosa, Multiquark - | i i ' |
Hadrons, Cambridge University Press (2019) | -
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2. Compact tetraquarks [cq][cg']: the first multiplets

* The spectrum of 1S ground states 1s characterised by two quantities:
- the diquark mass, myq
- the spin-spin interaction inside the diquark or the antidiquark, «cq.

 The first radially excited, 2S, states are shifted up by a common
quantity, the radial excitation energy, A E; expected to be mildly
dependent on the diquark mass: E:(cq) ~E: (cs)
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» Assignement of S-wave tetraquark multiplets of the first found “unexpected charmonia”
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» Assignement of S-wave tetraquark multiplets of the first found “unexpected charmonia”
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J/WP-@ structures and S-wave tetraquarks (2016)
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J/WP-@ structures and S-wave tetraquarks (2016)

- . Am = Mes — Meg = 129 MeV;
s + ks =50 MeV (kg = 67 MeV)
> E s][5](28) radial excit. = 460 MeV
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2. Strange Exotics
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2. Strange Exotics

BES III(2021) ete™ - K+ Z;,(3985) -» K*(D*D° + D;D™)  Inconsistent widths: not the same particle !!!
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2. Strange Exotics
_ Inconsistent widths: not the same particle 11!
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2. Strange Exotics
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3. The new sensation: doubly heavy baryons and doubly heavy tetraquarks

Single heavy-doubly heavy quark symmetry: M. Savage, M. B. Wise, PLB 248,1990; N. Brambilla, A. Vairo
and T. Rosch, PRD 72, 2005; T. Mehen, arXiv:1708.05020v3

e Doubly heavy baryons are ’
related to single quark heavy . -
mesons: »lllllllllt * Qlllllllll g

e QCD forces are mainly spin independent, so there 1s an approximate symmetry relating
3
masses of DH baryons to SH mesons: €.g. M(Z%) - M(E) = Z(M(D*) — M(D))
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Single heavy-doubly heavy quark symmetry: M. Savage, M. B. Wise, PLB 248,1990; N. Brambilla, A. Vairo
and T. Rosch, PRD 72, 2005; T. Mehen, arXiv:1708.05020v3

e Doubly heavy baryons are ‘
related to single quark heavy - -
MEeSONS: alllllllll‘ * alllllllll C

e (QCD forces are mainly spin independent, so there 1s an approximate symmetry relating
3
masses of DH baryons to SH mesons: €.g. M(Z%) - M(E) = Z(M(D*) — M(D))
e Doubly heavy tetraquarks have been anticipated long ago.
Esposito, M. Papinutto, A. Pilloni, A. D. Polosa, and N. Tantalo, Phys. Rev. D88, 054029 (2013)

e The possibility has been raised that the I = 0, J* = 1%, I = bbiid be stable under

strong and e.m. decays | M. Karliner and J. L. Rosner, PRL 119 (2017) 202001. E. J. Eichten and C.
Quigg, PRL 119 (2017) 202002.; S. Q. Luo et al. Eur. Phys. J. C 77 (2017) 709.
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3. The new sensation: doubly heavy baryons and doubly heavy tetraquarks

Single heavy-doubly heavy quark symmetry: M. Savage, M. B. Wise, PLB 248,1990; N. Brambilla, A. Vairo
and T. Rosch, PRD 72, 2005; T. Mehen, arXiv:1708.05020v3

¢ Doubly heavy baryons are ’
related to single quark heavy - -
MEeSONS: @lllllllll‘ * alllllllll C

e QCD forces are mainly spin independent, so there 1s an approximate symmetry relating
3
masses of DH baryons to SH mesons: €.g. M(Z%) - M(E) = Z(M(D*) — M(D))

e Doubly heavy tetraquarks have been anticipated long ago.
Esposito, M. Papinutto, A. Pilloni, A. D. Polosa, and N. Tantalo, Phys. Rev. D88, 054029 (2013)

e The possibility has been raised that the I = 0, J* = 1%, I = bbiid be stable under

strong and e.m. decays | M, Karliner and J. L. Rosner, PRL 119 (2017) 202001 . E. J. Eichten and C.
Quigg, PRL 119 (2017) 202002.; S. Q. Luo et al. Eur. Phys. J. C 77 (2017) 709.

o extended calculations of & ., ., and I ,, mass in the Born-Oppenheimer approximation

have been presented: analytical
P Y L. Maiani, A. D.Polosa and V. Riquer, PRD 100 (2019) 074002,

L. Maiani, A. Pilloni, A. D.Polosa and V. Riquer, PL B 836 (2023), 137624

e and in Lattice QCD see later for Reffs.
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Quark model calculation, 7}, _;

Table I: Contributions to the mass of the lightest tetraquark 7'(bbiid) with two bottom
quarks and JZ =17,

M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

Contribution Value (MeV)

2mb 10087.0
2m; 726.0
abb/(m2)2 7.8
—3a/(m)? —150.0
bb binding _281.4
Total 10389.4 + 12

10
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Quark model calculation, 7}, _;

Table I: Contributions to the mass of the lightest tetraquark 7'(bbiid) with two bottom
P _
quarks and J© =17. M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

Contribution Value (MeV)
my, 10087.

b W - from single b Baryon masses
abb/(mg)2 7.8
—3a/(m)? —150.0
bb binding —281.4
Total 10389.4 £ 12

10
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Quark model calculation, 7}, _;
Table I: Contributions to the mass of the lightest tetraquark 7'(bbiid) with two bottom

- from single b Baryon masses

P _
quarks and J© =17. M. Karliner and J. L. Rosner, PRL 119 (2017) 202001
Contribution Value (MeV)
my, 10087.
n? 726.0—
as [ (my)?

iid hf coupling from
lowest lying Baryons

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks

10



Quark model calculation, 7}, _;

Table I: Contributions to the mass of the lightest tetraquark 7'(bbiid) with two bottom
P _
quarks and J© =17. M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

Contribution Value (MeV)

- from single b Baryon masses

bb hf coupling from Y, — 7,

with 1/2 color factor

iid hf coupling from
lowest lying Baryons

10
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Quark model calculation, 7}, _;

Table I: Contributions to the mass of the lightest tetraquark 7'(bbiid) with two bottom
P __
quarks and J© =17. M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

Contribution Value (MeV)

- from single b Baryon masses
bb hf coupling from Y, — 7,
with 1/2 color factor

| 3Yb+7]b
E, =—[2tT"% o
=51 !

iid hf coupling from
lowest lying Baryons

factor 1/2 = color factor

10
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Quark model calculation, 7}, _;

Table I: Contributions to the mass of the lightest tetraquark 7'(bbiid) with two bottom
P_ 1+
quarks and J* = 17. M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

“Contribution Value (MeV) |

iid hf coupling from

- from single b Baryon masses

bb hf coupling from Y, — 7,
with 1/2 color factor

lowest lying Baryons
10389.4 + 12

e BBy threshold:10558; Q-value: -170 MeV: a stable
tetraquark against strong and e.m. decays !

e A similar estimate gives: Q =T...7— DD = + 140
and a mass close to the DD* threshold, as later observed.
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Quark model calculation, 7}, _;
Table I: Contributions to the mass of the lightest tetraquark 7'(bbiid) with two bottom

quarks and J¥ =17,

Value (MeV)

Contrlbutlon

iid hf coupling from
lowest lying Baryons

e BBy threshold:10558; Q-value: -170 MeV: a stable
tetraquark against strong and e.m. decays !

10389.4 4 12

bb hf coupling from Y, —

with 1/2 color factor

1 3%, b+7]b

Bpp = = =
bb 2[

M. Karliner and J. L. Rosner, PRL 119 (2017) 202001

- from single b Baryon masses

p

b
mb]

factor 1/2 = color factor

s TOp ' —an
e A similar estimate gives: Q =T...7— DD = + 140 ﬁ 60F LHCb 3 ;;:ﬁ | .
and a mass close to the DD%* threshold, as later observed. 2 b ;j,? 1
: /%6— o 15| L T * .
*+10 — Z 4ok | - NTERE
Mass D ™D 3875.1 MeV 2 40 deﬂJr ! .].‘—Li-*-#—i-_*;:
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- + | thresh ‘ +
. o[- * £+
LHCDb arXiv:2109.01056v2 S & #nl H HL ikia
SR = ag
' N | 1
3.87 3.88 3 89 3
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The limait of large heavy quarks mass

* Most clearly stated by Eichten and Quigg:

- in the large mass limit, the heavy quarks go to short distance, where the
coulomb-like QCD potential dominates

- the QQ binding energy 1s then given by the QCD Rydberg, so that:

12 .
Ovalue = M(T) — 2M(P) = — E(EaS)ZMQ + O(m,M~)

M o the reduced mass of the QQ pair

- P 1s the pseudoscalar (Qg) meson

. for M o large enough T'= (QQqq) 1s stable against strong as well as
clectromagnetic decays into PP + .

* but: 1s the b quark mass heavy enough for stability?

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks 11



4. Born-Oppenheimer approximation in QCD, with heavy (QQ’) and light (iid)

Consider the heavy quarks as classical sources with fixed position and quantum numbers;
Compute the energy of the light quarks in the field of the heavy sources, €;,,,(X4, Xp);
The tetraquark binding energy is the eigenvalue of the Schrodinger equation for QQ’ with

potential V57 (R);

VZ
(——= + Viop)¥ = Ego¥; Vror(R) = Vi (R) + €}51(R) ;

ZMQQ’

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks
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4. Born-Oppenheimer approximation in QCD, with heavy (QQ’) and light (iid)

1. Consider the heavy quarks as classical sources with fixed position and quantum numbers;
2. Compute the energy of the light quarks in the field of the heavy sources, €;,,,(x4, Xp);
3. The tetraquark binding energy is the eigenvalue of the Schrodinger equation for QQ’ with

potential V57 (R);

VZ
(——= + Viop)¥ = Ego¥; Vror(R) = Vi (R) + €}51(R) ;

2M oo
e Perturbation theory: 00 i
e interactions b — i1, or b — d (black lines in Fig.) make bound states (orbitals). We take as

ground state:

Wi + Wid;
— . 60 — W + E¢
V2(1+5)
e other interactions (one gluon exchange or spin-spin interactions (the blue lines 1n the Fig.) are
treated as first order perturbations: €;;,,(R) = €y + < fo | H,.,( | fo > N

0

9) A3/2e—Ar 2A3/26—Ar’
wi(r) = Pa(r') =
\ 4r \/ 4n
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4. Born-Oppenheimer approximation in QCD, with heavy (QQ’) and light (iid)

1. Consider the heavy quarks as classical sources with fixed position and quantum numbers;
2. Compute the energy of the light quarks in the field of the heavy sources, €;,,,(x4, Xp);

3. The tetraquark binding energy is the eigenvalue of the Schrodinger equation for QQ’ with
potential V57 (R);

VZ
(———= + Viop)¥ = Ego¥; Vior(R) = Vip(R) + €jgp(R) ;
e Perturbation theory: i
e interactions b — i1, or b — d (black lines in Fig.) make bound states (orbitals). We take as
ground state:
— QD7+ Wi -
_ Wi l//débu; ¢, =E, +E,
V2(1+5)
e other interactions (one gluon exchange or spin-spin interactions (the blue lines 1n the Fig.) are
treated as first order perturbations: €;;,,(R) = €y + < fo | H,.,( | fo > N

0

T = | (bb)s, (iid3), =

! _ : - _ :
= \E | @b)y, (b)), - \E | @b)g, (db)g)s; i
XA

e Orbitals have triality zero.
e Soft gluons can screen the color of the orbital
orbitals are not confined!

e we must add a constant C, so that S A3 o
Vror(R) + € — 2Ml’9nes T 2Mgws at R — oo wi(r) = P(r) =

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks 12



NOTE: Spin-spin interactions can be included in the BO potential

(as 1n lattice QCD)

e H,, /() is represented by the blue lines in the figure N

e it includes gluon exchange, e.g. e,

_o3—% <

| x; — x;] b
and spin-spin interaction h
8ra |

Hyfag = 9 M§

e [ntegrating the delta function with the wave functions of 2 A32p—Ar 2 A32p—Ar

2(sq - 8987 (xz — x7)

light quarks, one obtains a function of R: wi(r) = Pa(r') =
\ 4 \ 4n
Vir(R) = < fo | Hppz5 f > (R) g
this 1s the hf potential, to be added 1n the Vy, potential.
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NOTE: Spin-spin interactions can be included in the BO potential

(as 1n lattice QCD)
e H,, /() is represented by the blue lines in the figure N
e it includes gluon exchange, ¢.g. o,
o /
—2/3 ¢ =
| Xz — x4 b
and spin-spin interaction | S
8, 3) \
Hypqq = OM? (Sq * Sq)0™"(xz — x3)
e Integrating the delta function with the wave functions of 2 A32p—Ar 2 A32p—Ar
light quarks, one obtains a function of R: wi(r) = Pq(r) =
st \ 4r \4r

Vi(R) = < fo| Hypzz 1 f, > (R)
this 1s the hf potential, to be added 1n the Vy, potential.

e Numerically, we find:

3
Ewith hf — Eno hf = - 45 (-13.8) MeV= — E(qu)Tetraq

. 3 . .
to be compared with — E(qu)Baryon = — 150 MeV, had we taken the hf coupling of baryons (as in K&R).

e An explanation 1s that confinement in baryons keep light quarks closer w.r.t. tetraquarks with orbitals
not confined.

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks 13



The Born-Oppenheimer approximation satisfies the

Eichten & Quigg criterion for increasing heavy quark mass

2

V
——4V ¥VY=F_ Y
( W TOT) BO

* write:
Vior(R) = V(R) + 2M;"™ + 2M C’I"es .
2 a
V=— g—s + <JolHper | fo > (R), vanishes for r — + oo

r
Ego = E +2M)" + 2M"

1
- Ovalue=E+ EKQQ +3 Kog

_E=eigenvalue of the BO Schroedinger equation without rest masses, negative of O[ — (gas)zl\_l ol

2 _
- Kgo (heavy quark hf interaction) is positive but subdominant, O[ + (Eas)“M ol
-Kggz > 0 1s the spin-spin interaction of the (Qg) meson, O(M, /M)

However: Is the b-quark mass heavy enough?

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks
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The mass of the lightest double heavy tetraquarks can be computed!

e Recent estimates of the mass of the lightest, double heavy tetraquarks indicate that the I=0, bbiid
tetraquark could be stable. The table below gives a comparison of different theoretical results.

® (-value is taken with respect to PS-PS threshold (not V-PS!) M(D*) — M(D) = 140 MeV
e BO (2023): L. Maiani, A. Pilloni, A. D. Polosa and V. Riquer, Phys. Letters B (2023)836 137624

QQ"ad| BO(2023)[1] |K&R(2017)[2] [E&Q(2017)[3][Luo(2017)[4] Lattice QCD
ccud |+136 (+111)]  +140 1102 +39 —23+ 11 Junn. et al[5]
cbad | +72 (+48) ~ 0 +83 —108 +8 + 23 Francis et al [6]
—143 + 34 Junn. et al.[5]
. —143(1)(3) Francis et al.[6)]
bbad | —8 (—38) —170 —121 =75 —82 424 4+ 10 Leskovec et al.[T7]
—-13+3% Bicudo et al. [8]

Q values in MeV for decays into meson+meson+y obtained with string tension 1/4 k (in parentheses
string tension k). Models used in K&R (2017), E&Q (2017), Luo (2017) are different elaborations of the
constituent quark model, more details are found 1n the original references. In the last column the lattice

QCD results.
[1] L. Maiani et al. (2023) [2]M. Karliner and J. L. Rosner (2017). [3] E. J. Eichten and C. Quigg, (2017);

[4] S. Q. Luo et al. (2017)

[5] Junnarkar et al. Phys. Rev. D 99 (2019) 034507, [6] Francis et al. Phys. Rev. Lett. 118 (2017), Phys.
Rev. D 99 (2019); [7] L. Leskovec et al. Phys. Rev. D 100 (2019) 014503; [8] P. Bicudo et al. (BO in
lattice QCD) Phys. Rev. D 103 (2021) 114506.
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[4] S. Q. Luo et al. (2017)

[5] Junnarkar et al. Phys. Rev. D 99 (2019) 034507, [6] Francis et al. Phys. Rev. Lett. 118 (2017), Phys.
Rev. D 99 (2019); [7] L. Leskovec et al. Phys. Rev. D 100 (2019) 014503; [8] P. Bicudo et al. (BO in
lattice QCD) Phys. Rev. D 103 (2021) 114506.
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The mass of the lightest double heavy tetraquarks can be computed!

e Recent estimates of the mass of the lightest, double heavy tetraquarks indicate that the I=0, bbiid
tetraquark could be stable. The table below gives a comparison of different theoretical results.

® (-value is taken with respect to PS-PS threshold (not V-PS!) M(D*) — M(D) = 140 MeV
e BO (2023): L. Maiani, A. Pilloni, A. D. Polosa and V. Riquer, Phys. Letters B (2023)836 137624

QQ'ud| BO(2023)(1] [K&R(2017)[2][E&Q(2017)[3][Luo(2017)[4] Lattice QCD

ccud yF136 (+11 +140 +102 +39 —23 + 11 Junn. et al.[5]
cbad NF72 (+48 ~ 0 +83 —108 +8 + 23 Francis et al [6]
—143 £+ 34 Junn. et al.

—143(1)(3) Francis et al.

—82 £ 24 4 10 Leskovec et al.|
@ Bicudo et al. |
Q values in MeV for decays into meson+meson+y obtained with string tension 1/4 k (in parentheses
string tension k). Models used in K&R (2017), E&Q (2017), Luo (2017) are different elaborations of the
constituent quark model, more details are found 1n the original references. In the last column the lattice

QCD results.

bbud | €8 (—38 ~170 ~121 —75

20, = S Ut

[1] L. Maiani et al. (2023) [2]M. Karliner and J. L. Rosner (2017). [3] E. J. Eichten and C. Quigg, (2017);
[4] S. Q. Luo et al. (2017)

[5] Junnarkar et al. Phys. Rev. D 99 (2019) 034507, [6] Francis et al. Phys. Rev. Lett. 118 (2017), Phys.
Rev. D 99 (2019); [7] L. Leskovec et al. Phys. Rev. D 100 (2019) 014503; [8] P. Bicudo et al. (BO in
lattice QCD) Phys. Rev. D 103 (2021) 114506.

Born-Oppenheimer approximation: M(J 39) = 3871(3846)[expt. 3875]

cc
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Comparison with BO 1n Lattice QCD

LHCb, CERN, 05/10/2023
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Comparison with BO 1n Lattice QCD

For R — + oo VBo(R) vanishes in both °T E
cases: why not confined? 57 ;
e At oo, the (bg) orbitals, B, are in a g 200 -
superposition of: oo | §
b color 8 Bcolor 8 and Bcolor 1 Pcolor 1 400
e butinB, , ,s— B, g color can be 0

screened by soft gluons from vacuum
® the asymptotic state is ’
B — B, ;. 1 With vanishing

color 1
interaction at R - oo

LHCDb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks 16



Comparison with BO 1n Lattice QCD

For R — + oo VBo(R) vanishes in both T E
cases: why not confined? i F
e At oo, the (bg) orbitals, B, are in a :E-zoo §
superposition of: oo | g
b color 8 Bcolor 8 and Bcolor 1 Pcolor 1 400 |
e butinB, , ,s— B, g color can be 0
screened by soft gluons from vacuum e |
® the asymptotic state is :
Bcolor 1 Bcolor 1 with vanishing i

interaction at R — oo

04l

—050

e Projection of the lattice g result . & Maianis A D-Polosa and V. Riquer, PR D100 (2019) 074002

1 T T T T '{Vmo— -
over Dd (yellow) or BB (blue) T # | < BB, = Meson-Meson
gives a picture of the space
arrangement of light quarks at a 06 5 A e o
given bb distance, R WAy mmmeie | [latiiee QD

. h}i[aigéy [bD] :}[QZ]] 3 at the p;ak of 3 1/‘5/ \\i‘\
the bb wave function ~0.2 fm. L g | __
! _— | « Dd = [bb][gq]
0 L L 1 1 L v i _ R S Qe @

0 01 02 03 04 05 06 07 08 0.9
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Towards stability ?

KO0 E kQg (P) Q-value
cc|+1.2 (+2.0)|—74.8 (—100.2)| +70 |[+135.8 (+110.8)
bc|+0.5 (+0.8)| —67.3 (—91.5) | +46.5 | +72.4 (+48.4)
bb|+0.5 (+0.7) | —77.3 (—107.4)| +23 —8.0 (—38.0)

14—+ —_—
Mass (GeV) g’+ .
i * bcid
73| DB -
BO approx.
DB {—
71k .
[ DB
7.0- ' o
4 5 6 7
4051+
400 Mass (GeV) T :Cﬁ 1
3.95F
3.90F D D* Expt
3.855— - BO appr@ax
3.80 _
3.75)
3.70F DD
Y] e S T
3 4 5 6 7 8
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Towards stability ?

1070+
: g+
- Mass (GeV) bbiid
10.65 i
KQQ E kQq (P)|  Q-value | B B Lattice
cc|+1.2 (+2.0)|—74.8 (=100.2)| +70 [+135.8 (+110.8) 1060} QCD
be|+0.5 (+0.8)| —67.3 (—91.5) | +46.5 | +72.4 (+48.4) | B
bb|+0.5 (+0.7)|—77.3 (—107.4)| +23 | —8.0 (—38.0) 10,55 3R — ! ;
77— 10.50 | BO approx —
Mass (GeV) g’+ .
[ D* B bcid T
7.3_— | 3 4 5 6 7 8
BO approx.-
: D B |
2f t_I for very large b mass...
| : Eichten-Quigg’s theorem
715 shows up more clearly
DB
4.05 E E
4.00 i i
3.95;— i i
3.90;— i i
3.85;— i i
3.80 | i
C 3 4 5 6 7 8
3.75F
- 55 Is b quark mass large enough for a
O S S stable tetraquark?
3 4 5 6 7 8
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0

” /-
Searching for 7,

e The state with J© = 17 (S g7 =0, S = {)_could be produced strongly in
LHC collisions, 1n association with one BD pair;

* Most likely, 1t decays strongly:
g9 — DB, D*B™, followed by B* — B +y

e Other spin states can be produced at the LHC, 1n particular
JE =0, (S5 =0, 54 =0)

e I (C)b(JlD = 0") —» DBY, D*B~ and no gamma ray in the final state: search
for collisions: p+p — DB+ DB + ...

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks
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Searching for a stable 7, (17)

T, should be produced at LHCb, together with a BB pair;

« if stable, 9, should decay weakly with the b lifetime, at a detectable
distance from the p-p interaction point

» the expected weak decay b — ¢+ ¢ + s (c + it + d) gives rise to the chain
decays

Ty = D)+ T). > D(a)+D"+B™ > D(x)+D+B+y
1n total
p+p—>BB+..+(D(x")+D+B+ Y)(at a distance)

e the weak decay could produce also the tetraquark gc (J¥ = 0™), which
would decay into D + B without the gamma ray

LHCb, CERN, 05/10/2023 L. Maiani. DoublyHeavy Tetraquarks 19



Conclusions

. . . . . . + .
Quark model and Born-Oppenheimer give similar predictions for the . mass, in

agreement with the observed value;

The BO approximation in QCD:
e many similarities with the molecular picture, in particular for the feature of unconfined
orbitals;
¢ the use of quark masses from meson spectrum 1s justified and crucial;
e light quark hf interaction 1s much smaller than in the baryons: another effect of

unconfined orbitals;
A stable Double Beauty tetraquarks 1s still possible but not so clearcut;

if I, is stable, it has a very interesting cascade weak decay:
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Conclusions

e Quark model and Born-Oppenheimer give similar predictions for the I ", mass, in

agreement with the observed value;
e The BO approximation in QCD:
e many similarities with the molecular picture, in particular for the feature of unconfined
orbitals;
¢ the use of quark masses from meson spectrum 1s justified and crucial;
e light quark hf interaction 1s much smaller than in the baryons: another effect of

unconfined orbitals;
e A stable Double Beauty tetraquarks 1s still possible but not so clearcut;
e if I, is stable, it has a very interesting cascade weak decay:

A _

e The search for other spin and isotopic spin states 1s very ¢ 5§
important!! ' /\

¢ and so 1s the search of strange-double heavy 7 (‘\ ---------- ®) 5d
tetraquarks: for each Q' pair one predicts two / \
SUQG)f14vour multiplets: 3 (S5 =0) D 6 (Szz = D). e air' 7
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