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PROMPT PRODUCTION AT HADRON COLLIDERS
Differently from the `old’ light pentaquark, the X(3872) has been observed  

by all collider experiments (Belle, CDF, BaBar, D0, Bes, CMS, ATLAS). 

It looked immediately as a very strange (1++) charmonium.  

Right at the DD* meson threshold but  with high xsect at pp(p*).

Esposito et al. 

See also Bignamini et al. PRL103 (2009) 162001 and  Esposito, Grinstein, Maiani, Piccinini, Pilloni, ADP, Riquer, 1709.09631 



A CC* COMPONENT?
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WHAT ARE THEY?
For a review A. Esposito, A. Pilloni, ADP, Phys. Rept. 668 (2016) 1



THE J/Ψ INTERPRETATIONS

One of the first interpretations of J/psi

See C. Quigg’s talk at CERN on the 
First 40 years of Charmonium 11-



THRESHOLDS
For a review Esposito, Pilloni, ADP, Phys. Rept. 668 (2016) 1



THRESHOLDS

X(3872) Z0±
c (3900) Z0±

c (4020) Z0±
b (10610) Z0±

b (10650)

D0D̄*0 D0D̄*0± D*0D̄*0± B0B̄*0± B*0B̄*0±

δ ≈ 0 +7.8 +6.7 +2.7 +1.8
(MeV)



HADRONIZATION ALTERNATIVES



METASTABILITY OF THE DIQUARK-ANTIDIQUARK PAIR

The energy stored in the COM of the 4-quark system can be  

distributed to form a diquark-antidiquark state with mass

where B is due to some short distance+confining potential binding  

the diquarkonium, whereas HI is the spin-spin interaction 

HI = 2κQq (SQ ⋅ Sq + SQ̄ ⋅ Sq̄)

If nothing prevents the two diquarks to be arbitrarily close to  

each other, a fall apart meson-meson decay is expected!

E = m̃ 1 + m̃ 2 − B + HI m̃ = diquark mass

Maiani, Piccinini,ADP, Riquer, PRD71 (2005) 014028, PRD89 (2014) 114010

Esposito, ADP,  1807.06040, to app. in EPJC



METASTABILITY OF THE DIQUARK-ANTIDIQUARK PAIR

The fall apart decay would result in a final state with same E

E = m1 + m2 + δ δ > 0 m = meson masses

Therefore very broad (short lived).

X(3872) Z0±
c (3900) Z0±

c (4020) Z0±
b (10610) Z0±

b (10650)

D0D̄*0 D0D̄*0± D*0D̄*0± B0B̄*0± B*0B̄*0±

δ ≈ 0 +7.8 +6.7 +2.7 +1.8

But the observed states are very narrow!

(MeV)



METASTABILITY OF THE DIQUARK-ANTIDIQUARK PAIR

A barrier could prevent the diquarks to collapse one on the top of the other

E = m̃ 1 + m̃ 2 − B + HI

as in 

II I

E=-B
ℓ

ℓ

-��

0

�

�

Selem and Wilczek, hep-ph/0602128

Maiani, ADP, Riquer, PLB778 (2018) 247

Esposito, ADP,  1807.06040

m̃ = diquark mass

as if there were a repulsive barrier between diquarks at very short distances  

— at larger distances diquarks see each other as 3,3* color sources. 



DIQUARKS: REPULSION AT SMALL DISTANCES?
Two quarks can be found in the color representations 

3̄c or 6c

The antisymmetric representation is attractive, and the symmetric is repulsive (one-gluon-exchange).   

A diquark and an antidiquark attract at ‘large’ distance, but, at small distances, the compositeness of  

the diquark might play a role: there could be a component in the mutual potential increasing at  

decreasing distance — to disintegrate the diquarks their binding energy (3*) must be overcome.  

If this wins against the decrease due to color attraction there could be a short distance barrier 

 stabilizing the tetraquark.



TOTAL WIDTHS OF X AND Z TETRAQUARKS
One can find a formula for the total width of X,Z states

Γ ≃
π2

R
m

m̃
exp( − 2ℓ 2 M B) δ

Where M is the mass of the quark making the tunneling (decays into quarkonia suppressed). 

𝞭 = the mass gap between the observed tetraquark and the meson-meson threshold. 

Esposito, Pilloni, ADP, PLB758 (2016) 292

Esposito, ADP,  1807.06040, to app. in EPJC



TOTAL WIDTH FORMULA
The requirements for the total width formula to work are

mq = 308 MeV m̃ c = 1.98 GeV m̃ b = 5.32 GeV

Bc = 0.021 GeV ℓc = 1 fm Rc = 1.3 fm

Bb = Bc ℓb = 0.8 ℓc Rb = 1 fm

Thus one has only to require that the bottom state has 

a size slightly smaller than the charmed one.

With these reasonable requirements on can accommodate a  

single fit constant A for all best known X and Z resonances.

Γ = A δ A ≃ 10 MeV1/2

The minor role of the Coulomb term was observed in Chen, Maiani, ADP, Riquer, EPJC75 (2015) 550



A 4B TETRAQUARK AT THE LHC?

There are no meson-meson decays here, but narrow widths for 

T = [bb]S=1[b̄b̄]S=1

T → Υ(1S)Υ(1S)* → 4ℓ

T → ηb(1S)ηb(1S)* → hadrons

In this picture the expected mass is 

mT = 2 m̃ bb − B − κbb

Since we know from other studies that

κcq ≃ 67 MeV κbq ≃ 10 MeV ⇒ κbb ≃ 0

m̃ c ≳ 50 + m m̃ b ≳ 30 + m m̃ bb ≃ mΥ



A 4B TETRAQUARK?

T = [bb]S=1[b̄b̄]S=1

mT = 2 m̃ Υ − B

Using the potential model described before

mT ≃ 18.8 GeV

dΓ(T → Υμμ) = ∫
(mT−mΥ)2

4m2
μ

ds BW(s)
p2

Υ* + m2
Υ

p2
Υ* + s

×
dΓ(Υ* → μμ)
Γ(Υ* → all)

dΓ(T → ΥΥ*)

We can therefore compute the decay rate and compare it to  

what discussed in a very recent LHCb study

A purely bottom tetraquark T, in the diquark description is



A 4B TETRAQUARK?

Esposito, ADP,  1807.06040

LHCb



HEXA(SEXA)QUARKS AND DARK MATTER

Stable if all possible decay modes are forbidden

From Gross, ADP, Strumia, Urbano, Xue PRD 98, 063005 (2018)

𝒮 = ϵαβγ[ud]α,S=0[us]β,S=0[ds]γ,S=0

𝒮 → deν̄ M𝒮 < 1.8761 GeV

𝒮 → ppeeν̄ν̄ M𝒮 < 1.8775 GeV

𝒮 → peν̄n M𝒮 < 1.8783 GeV

𝒮 → nn M𝒮 < 1.8791 GeV

A molecular S would be a rather large hadron with small binding energy. 

Its coupling to photons could be relevant at `low` momentum transfers.  

The only viable DM-S needs to be a (very!) compact hexaquark with  

~large binding energy. 

The proposal of the dibaryon S as a dark matter candidate has been made recently by G. Farrar 

to explain the 5/1 (~O(1)!) ratio of mass density of DM  to mass density of Baryons.



HEXAQUARKS AND DARK MATTER
From Gross, ADP, Strumia, Urbano, Xue PRD 98, 063005 (2018)

The region around 1.2 GeV is not at odds with what learned from tetraquark  

phenomenology.  However Kolb & Turner observe that stability of the deuteron  

for the age of the universe requires MS > 1.872 GeV (where the S freeze-out left-over  

abundance accounts for 10-11 that of nucleons).   

Kolb and Turner, 1809.06003



To evade the SuperKamiokande bound on the 

lifetime of Oxygen, need to stay < 10-20 

HEXAQUARKS AND DARK MATTER
From Gross, ADP, Strumia, Urbano, Xue PRD 98, 063005 (2018)



TETRAQUARKS AS TWO-SCALES SYSTEMS

Introduce the ratio

▸ Size of the diquark-antidiquark bound state = R 

▸ Size of the diquark = r

λ = R /r ≥ 1
There are two possible descriptions of the X(3872) meson

X = Xu = [cu][c̄ū] X = Xd = [cd][c̄d̄]

Is there any fine structure we should read in data? (two neutral X states) 

For appropriate values of 𝝀, these two states can be quasi-degenerate in mass!

M(Xu) − M(Xd) = f(λ)

(Perfect) degeneracy occurs for

λ ≈ 3

Maiani, ADP, Riquer, PLB778 (2018) 247



XU-XD QUASI-DEGENERACY

However if the two are quasi-degenerate, since the charged final state is 8 MeV 

heavier than the neutral one, then Xd can only decay in the (suppressed) charmonium  

mode. Same fate for the X+! (D+D*0 is approx 5 MeV heavier than the neutral final state).

Xd → D+D*−

Xu → D0D*0

To which extent J/ψ + ϱ± final states have been experimentally investigated? 

There might be surprises in these channels.

The Xu-Xd quasi-degeneracy implies that even a small qq* annihilation amplitude 

inside the tetraquark can produce sizeable mixing: 

X1 = Xu cos ϕ + Xd sin ϕ

X2 = − Xu sin ϕ + Xd cos ϕ

Maiani, ADP, Riquer, PLB778 (2018) 247



B DECAYS TO X(3872)

The final state kaon can be formed with a d from the sea (neutral), with a u from  

the sea (charged) or with the specator d (neutral).  Let’s name sea amplitudes by A2.

B0(b̄d) → c̄ + cs̄ + (uū or dd̄)sea+d

Amp(B0 → XdK0) ∼ A1 + A2

Amp(B0 → XuK0) ∼ A1

Amp(B0 → X−K+) ∼ A2

Similarly for charged B decays

Amp(B+ → XuK+) ∼ A1 + A2

Amp(B+ → XdK+) ∼ A1

Amp(B+ → X+K0) ∼ A2

The comb. 2A1+A2=2𝛼 has I=0 

The comb A2=2β has I=1



B DECAYS TO X(3872)

I=0/I=1 from B0

I=0/I=1 from B+

X-/X0 from B0



B DECAYS TO X(3872)

I=0/I=1 from B0

I=0/I=1 from B+

X-/X0 from B0



RECAP & CONCLUSIONS
Very strong evidence of tetraquarks/pentaquaks. What can we learn from that? Some  

unexpected dynamics of strong interactions, for example. 

The problems of the compact tetraquark picture and suggested solutions 

▸ Why X± seem to be absent? Same for a neutral doublet. — They could 
simply lurk in ψ ϱ decays. This is due to the mixing ϕ. 

▸ Where does the mixing come from? — From the quasi-degeneracy Xu-Xd 

▸ Where does this degeneracy come from? — Tetraquarks are two scale 
systems. Short range diquark repulsion. 

▸ What is suggesting such a repulsion? — Spin-Spin interactions pattern;  
subdominant quarkonium decays wrt meson-meson decays; the total 
widths pattern. 

Forthcoming Book by A. Ali, L. Maiani, ADP, Multiquark Hadrons, Cambridge





TETRAQUARKS IN THE QCD 1/N EXPANSION







NEED NON-PLANARITY?







PRODUCTION AT COLLIDERS







OTHER TOPICS



BACKUP: SPIN-SPIN INTERACTIONS



BACKUP: TUNNELING AND SPIN



BACKUP: TUNNELING AND SPIN



BACKUP: TUNNELING AND SPIN



One of the observed decays proceeds through 

BACKUP: B DECAYS TO X(3872)

Amp(B0 → K0X1) = A1 cos ϕ + (A1 + A2) sin ϕ

Amp(B0 → K0X2) = − A1 sin ϕ + (A1 + A2) cos ϕ

|Amp(B → Kψρ) |2 = |Amp(B → KX1 → Kψρ) |2 + |Amp(B → KX2 → Kψρ) |2

Where e.g. 

Amp(B → KX1 → Kψρ) = Amp(B → KX1)Amp(X1 → ψρ)

(cos ϕ−sin ϕ)

It is also observed a decay with the ω vector meson in the final state 


