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Figure 1: The J/$" m~ invariant-mass spectrum for 10 < pr < 50GeV and |y| < 1.2. The
lines represent the signal-plus-background fits (solid), the background-only (dashed), and the
signal-only (dotted) components. The inset shows an enlargement of the X(3872) mass region.




PRODUCTION IN PB-PB
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Figure 7: Raa for LHC using the same notation as
in Fig. (5]
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L. Maiani, ADP, V. Riquer and C. Salgado, PL B645 (2007) 041901
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Figure 5:_ Starting from below: Raa, Eq. (26), for m, Ks, fo(980) as a s3 state, p +p, A + A, fo(980) as a 4-quark state
and 2~ + Z7. Data from Ref. [38]. STAR Collab.

L. Maiani, ADP, V. Riquer and C. Salgado, PL B645 (2007) 041201
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pp Vs =8 TeV Increasing suppression of
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PRODUCTION AS A FUNCTION OF MULTIPLICITY
(THE EXPERIMENTAL INTERPRETATION)
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4. Summary and Outlook

We have found that the fraction of both ¢(2S) and y,(3872) which are produced promptly at the collision
vertex decreases with increasing charged particle multiplicity in pp collisions at /s = 8 TeV. The ratio of
the prompt cross sections oy, ,(3s72)/0yi2s) also decreases with multiplicity, while the ratio of cross sections
from decays of B hadrons remains constant within uncertainties. This could indicate that promptly produced
W(2S) and y.,(3872) hadrons are being broken up via interactions with other particles produced in the event.
These suppression more significantly affects the exotic y.;(3872) than the conventional ¢(2S), which may
indicate that the y,.;(3872) has a smaller binding energy than the ¢(2S). In this case, the y.(3872) may be a
very weakly bound state, such as a hadronic molecule.




SIMILAR RATIOS FOR QUARKONIA
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COMPACT TETRAQUARKS

» Four quarks cc*qqg* in a bag should decay into charmonium +
meson or 2 x open-charm mesons at ~ same rate.

» Compact tertraquarks should have neutral and charged states.
» No isospin violations are expected.

» There is no stringient reason for compact tetraquarks to be
particularly close to meson-meson thresholds.



COMPACT TETRAQUARKS: THE X(3872)

» Four quarks cc*qqg* in a bag should decay into charmonium + meson or 2 x open-charm
mesons at ~same rate.

The branching ratio of X intro DD* is ~10 times that in wp
» Compact tertraquarks should have neutral and charged states.
The neutral X is observed but there is no trace (yet?) of charged X's
» No isospin violations are expected.

The X decays into wp and ww with very similar rates

» There is no need for compact tetraquarks to be particularly close to meson-meson thresholds.

The X is an impressive example of “fine tuning’ its mass being extremely close to DD*



REASONS FOR COMPACT TETRAQUARKS
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The X(3872) sort of anomalous charmonium with 1++ quantum numbers

right at DD* threshold and rather close to J/w+p.

OBSERVATION OF LIGHT NUCLEI AT ALICE AND THE ... PHYSICAL REVIEW D 92, 034028 (2015)

X(3872) @CMS : ' : X(3872) @CMS

¢

Hypertriton @ALLCE\
(rescaled from Pb-Pb.)




A CC* COMPONENT?

| X) =Z,|D°D™) + Z, | ,12P)) + ...

A predicted but not yet observed radial excitation

To explain the large prompt production Z, is needed as large as

1Z,|° =28 +44 %

As computed by Meng et al. PRD 97 (2017) 074014

The radius of the molecular component is

R ~ 1/y/2u|B] 2 10 fm

We might roughly expect that

2V PP | :
2 S )(cl X(zl 2 ~ OOX( 1>
Vmoll\PX(R)l



A CC* COMPONENT?

Only two states mixed (for some reason...)

| X) = cos | D°D™) + sing| y.,(2P))

<DD* |H1|)(>
MDD* - M)(

tan2¢ ~ 2

A 50-50 mixing is guaranteed if the mass of the molecule is equal to the mass
of the charmonium state. At any rate

3
_ |
| (DD* | Hy| x) |2 ~ V){l‘PcE in pp+(0) |2 ~ (1—())



MIXING FORMULA

((DD*|H|DD*)  (DD*|H|y))
MDD* 15 ml O T
M = =R(g0)-< >oR(g0)=R M-~ -R
(x|H|DD*) (x| H|y) 0  m !

\ M)

R= cos 0 sin &

—sin @ cos @

My = my cos® 0 + m, sin® 6 M, =m sin” @ + m, cos* 0

(DD*|H | y) = (m; —m,) sinf@cosf

remove m,, m,

5 (DD*|H | y)

tan2¢ =
DD* — M)(

DD*

_ yT _ s DD*)
H=X"Mx=(DD* y)-M- ("]

)=(DD* x)-(RTMoR)-( P



A CC* COMPONENT?
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TH

MIXED STATE

What about the temporal evolution of a state like (?)

1X) =2, |D°D) +Z, | 14 (2P)) + ...

=~ =

P(1=0) Wy, P,

The Hamiltonian responsible for the aggregation of DD* is not the same
as the one for the p-wave quarkonium. However we might roughly attempt

Y(x,1) = Z Z W ePxie B with E = \/ M? + p;

Given that py > (p)y > M, and taking x =~ t
V(1) ~ ¥(0)

In the environment with several comovers, however the component ¥, should get depleted along the way
(before the X decays). ¥, and ¥, are not necessarily orthogonal - shouldn’t be more appropriate a

p=) P,[¥,¥]

density matrix description?



SHALLOW RESIDUAL POTENTIAL IN THE "PURE MOLECULE"” PICTURE

In the quasi-classical approx. the w.f. in the classically allowed region,
far from turning points is

y(r) = 4 cos< JR p(r')dr' — f)
\/P() , 4

Require y(0) = 0 or T\ —~

K T 7
J p(r)dr—z=5+n7r
0

There follows

R R R
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0 0 0



SHALLOW RESIDUAL POTENTIAL

With uniform distribution between 0 and R we get

| RY/1
(r)==—RZ%
2 8y/2m | E|

This gives a max. for (r). Alternatively one can consider the region to the right
of the (rightmost) turning point R where the wave function drops as

x(r) erxp( — r\/2m|E| ) =Aexp( — 22;))

The binding energy B = | E| of X interpreted as an hadronic molecule is
B <$3+190 KeV. If we assume B =~ 100 KeV we get the two

compatible estimates

(ry S 15 fm
(ry~7 fm



MOMENTUM DISTRIBUTION

Attractive Yukawa potential with ry ~ 1/m_ = 1.4 fm

e_r/ro 2N
V=—g == fn~2.1 (deuteron)
r dr

The (quantum) virial theorem gives

r) = (¥, llea 0 g v) = (w,rav(r)w> = — (V) + Z(e1Mm)

r l;
=1 0 0

and

2
<p > _|_ ée_<r>/7‘0

E=(T+V)=- St
0




MOMENTUM DISTRIBUTION

for the deuteron
B=|E|~22MeV (r)=2.11fm

thus

/(p?) = 105 MeV

whereas for the X we define the radius of the ball &£ in momentum space to be
Ap ~ 105 MeV

The same calculation, using the known values for the X, gives

Ap ~ 20 MeV



PROMPT PRODUCTION

Consider the p-dependent amplitude
C(p) = (D°D™(p) | X)

2
o(pp — X + All) ~ [ C*(p) (DD (p) | pp) d’p| < [ | C(p) |2d3p[ |(D’D*(p) | pp) |* dp
R R R

S J [(D°D™(p) (+All)|pp) |” d*p
R

Where &£ is a ball of radius Ap ~ 20 MeV in momentum space

Bignamini, Grinstein, Piccinini, ADP, Sabelli, PRL103 (2009) 162001
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FIG. 1: The D°D*~ pair cross section as func- K (GeV)

tion of A¢ at CDF Run II. The transverse mo-

mentum, p., z.md I‘Z?indity, Yy, ranges are indi- FIG. 3 (color online). The integrated cross section obtained

cated. Data points with error bars, are compared with HERWIG as a function of the center of mass relative

to the leading order event generf};?gr Herwig. The momentum of the mesons in the D°D*° molecule. This plot is

cuts on parton generation are p ™" > 2 GeV and e . c v 10
part obtained after the generation of 55 X 10° events with parton cuts

|yP2™*| < 6. We have checked that the dependency PRIt T o Al oomt] - € A o 1 D ragone ;

on these cuts is not significative. We find that we p', =2 GeV and |y#*"| < 6. The cuts on the n?d] D mesons are

have to rescale the Herwig cross section values by such that the molecule l)l'()dUCCd has a P > 5 GeV and |\| <

a factor Kxerwig ™~ 1.8 to best fit the data on open 0.6.

charm production.

Bignamini, Grinstein, Piccinini, ADP, Sabelli, PRL103 (2009) 162001
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Esposito, Piccinini, Pilloni, ADP
J. Mod. Phys. 4 (2013) 1569
Guerrieri, Piccinini, Pilloni, ADP
Phys. Rev. D90 (2014) 034003

The elastic scattering of a D° (or D*°) with a pion among those produced in hadronization could
reduce the relative momentum kg in the centre of mass of the DY D%* pair.
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FIG. 3: Number of D°D*° pairs (events) counted with Herwig (left panel) and Pythia (right panel) when generating
10'° pp — c€ events at /s = 1.96 TeV with the cuts on partons and hadrons described in the text. The Om histogram
reproduces the shape found in [2]. The histograms named 17 and 37 are related to the elastic scattering of open charm
mesons with one or three pions selected as described above. In the insects we report a broader k; range.




CFUTERON AND MULTIPLICITY

Multiplicity dependence of (anti-)deuteron in pp collisions ALICE Collaboration

® pp, \s=7TeV
VOM Multiplicity Classes
or Pb-Pb, |s,,, =2.76 TeV

A Vs =900 GeV
HT '\4}- Vs =2.76 TeV
¥Vs=7TeV

%B HH H pp INEL (d/p)
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(dN_ /dn
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Fig. 8: Ratio between the pr-integrated yield of deuterons and protons as a function of charged-particle multiplicity
at mid-rapidity in pp (this work) and Pb—Pb collisions [12] at the LHC. The deuteron-to-proton ratio measured in
inelastic pp collisions at /s = 0.9,2.76 and 7 TeV [13] has also been reported.




COMPACT TETRAQUARKS: THE X(3872)

» Four quarks cc*qqg* in a bag should decay into charmonium + meson or 2 x open-charm
mesons at ~same rate.

The branching ratio of X intro DD* is ~10 times that in wp
» Compact tertraquarks should have neutral and charged states.
The neutral X is observed but there is no trace (yet?) of charged X's
» No isospin violations are expected.

The X decays into wp and ww with very similar rates

» There is no need for compact tetraquarks to be particularly close to meson-meson thresholds.

The X is an impressive example of “fine tuning’ its mass being extremely close to DD*



A potential barrier may segregate away in space diquarks from antidiquarks.

This would explain why i) X(1++) has a quasi-degenerate partner Z(1+-)
ii) X decays into J/w+p with a much smaller rate than into DD*
iii) On the basis of the barrier model we find a ‘universal’
width formula for X and Z states



TETRAQUARKS AS TWO LENGTH SCALE SYSTEMS

» Size of the diquark-antidiquark bound state = R

» Size of the diquark =r

There are two possible descriptions of the X(3872) meson
X=X =[cullci] X=X,=[cd][cd]
Introduce the ratio

A=R/r>1
For appropriate values of 4, these two states can be quasi-degenerate in mass!
M(X,) - M(X,) = f(3)
perfect degeneracy occurs for
A=3

Maiani, ADP, Riquer, PLB778 (2018) 247



CHARGED X

The X+ (degenerate with X, and Xy) should decay (through barrier) into D+D*0

which however is approx 5 MeV heavier than its mass value.

It has to be searched (like Xy) in the suppressed charmonium+meson mode.

To which extent J/iy + p™~ final states have been experimentally investigated?

The BES charged Z s, being slightly heavier, are seen in meson-meson channels.

Maiani, ADP, Riquer, PLB778 (2018) 247



THE HYDROGEN BOND OF QC

The analog of the H, molecule
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Maiani, ADP, Riquer, PR D100 2019, 014002; PR D100 2019, 074002




THE HYDROGEN BOND OF QC

The analog of the H, molecule
7

t

ATT0AC T
T~ ~
% REP= [

AV 4
(77

-—

7

Maiani, ADP, Riquer, PR D100 2019, 014002; PR D100 2019, 074002




THE HYDROGEN BOND OF QC

The analog of the H, molecule

Maiani, ADP, Riquer, PR D100 2019, 014002; PR D100 2019, 074002




TH

HYDROGEN BOND OF QCD

T = (eX'c)(Gr"q) = (C0)g(qq)s

2 |
T = \/; (cq)3(Cq)3 — \/; (ca)6(c9)s

diquarks

“"Orbitals” cq and ¢g: Coulomb + Confinement 1 = —1/3 a)
"Pertubations” 0H: cq(cqg),qqg (A = —-T/6a,A =+ 1/6a)

Detfine a Born-Oppenheimer potential.:
Coulomb between heavy quarks + 6E(r.z) + Continement(r...)

Maiani, ADP, Riquer, PR D100 2019, 014002; PR D100 2019, 074002



THE ORIGIN OF THE BARRIER

Tune all knobs — couplings computed with perturbative one-gluon

exchange methods — until it is found that an increase of the repulsion
in the gg channel raises a barrier between “orbitals”

r(Gev1) r (GeV-1)

A mild barrier between diguarks.

Maiani, ADP, Riquer, PR D100 2019, 014002; PR D100 2019, 074002



TUNNELING

Esposito, Pilloni, ADP, PLB758 (2016) 292
Esposito, ADP, EPJ C78 (2018) 782

F=A(\/%,B,f)\/5

mdq

In passing from charm to beauty states the (constituent) masses change strongly.
However we would expect B, ~ B, and ¢, S .. Thus we would guess A, # A.



REASONS FOR COMPACT TETRAQUARKS

A Moo

The exp. mass of the state

Compact 4g
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X(3872) | Z%%(3900) | Z9*(4020) | Z)*(10610) | Z*(10650)
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TUNNELING

F _ A( \/ 144 | B’ f)\/g Esposito, Pilloni, ADP, PLB758 (2016) 292

Esposito, ADP, EPJ C78 (2018) 782

q

In passing from charm to beauty states the digquark masses change.

However we would expect B, ~ B, £, S .. Thus we would guess A, # A,

But this is not what happens. The fit of beauty and charm states works very well with
one A only

Z(4430)

Esposito, Pilloni, ADP, PLB758 (2016) 292
Esposito, ADP, EPJ C78 (2018) 782

X(3872)

40
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TUNNELING

vVm
F — A ( 0 B, f) ‘\/5 Esposito, ADP, EPJ C78 (2018) 782

ocC
mdq

A contains I = exp( — 2£1/2mB)

A slight variation of £ in the direction £, S £, allows to
compensate the variation in my,

Z(4430)

40
o0 (MeV)




WORK-IN PROGR

E. Gonzales-Ferreiro & C. Salgado
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CONCLUSIONS

Recent data on X production in heavy ion collisions (CMS) are not
understood

't would be of great use to have a pT distribution of latter data (for
the moment a single bin is available 10 < pT < 50 GeV)

Recent data on X production in pp by LHCb do not contain an
obvious intepretation, as claimed by the collaboration

Could CMS/LHCDb say the final word on J/w + p™* around 38## MeVs?



