letragquarks

» O
- - & =
<

ol
[ 414 i
L

g
A 4 <

Sa 4 . 4 4 v N y L y *

! » R = e s . T . s . . s A - - = - St R - P W
'y A TNt Fyl O " A % f1h L ¢ " B A
- B -0“.'.\_’— o Ll "a \_}' f 3 o R - AL 4 e . 3 4 b,




anti-triplet as anti-quarks q@. Baryons can now be
constructed from quarks by using the combinations

(qaq), (@gqaqd), etc., while mesons are made out
of (qd), (qgqad), etc. It is assuming that the lowest

Taken from Gell-Mann paper
on quark model



Large N¢ and letraquarks

Following E. Witten’s paper on 1/N and Baryons (see also S. Coleman’s lectures),
tetraquarks should instantly fall apart into mesons.

However, as pointed by S. Weinberg in a recent paper (PRL 110, 2013), this applies
only at the leading order N2 disconnected diagram. The leading order connected
diagram has only one color loop and excludes the leading order of free

two meson propagation.




Large N¢ and letragquarks
VN

M

4q 1/vVN

VN VN

M

-~ which implies that the 4g decay amplitude into two ordinary mesons can be 1/N%/2

-."



http://arxiv.org/abs/arXiv:1401.1815
http://arxiv.org/abs/arXiv:1403.8090

Z(4430)- at LHCDb | April 2014
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V= K+(¢(QS)7T_)JPG:1++

Signal: 13.9 0
Other assignments ruled out at 9.70

First observed by BELLE in 2007 and not confirmed by BaBar
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- LHCb confirms existence of ex.otié
hadrons P

The Large Hadron Collider beauty (LHCb) collaboration today announced

results that confirm the existence of exotic hadrons — a type of matter that -3
cannot be classified within the traditional quark model. The LHCD experiment provides conclusive

evidence for the existence of the four-quark
particle called Z(4430).

Synopsis on R. Aalj et al. (LHCD Collaboration)
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Charged Z.(3900)

ey
P =41 (S — wave)

= el e
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Found in Y (4260) » ZZ(3900) n* - J/y nEt ™t

Exotic charged charmonium-like state!

BESIII, arXiv:1303.5949 Belle, arXiv:1304.0121
M = 3899.0 + 3.6 + 4.9 MeV M = 38945 + 6.6 + 4.5 MeV
[ =46+ 10 + 20 MeV [ =63+ 24+ 26 MeV
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c(3900)*

PhysiCs mrm———

spotlighting exceptional research

Home About Browse APS Journals

Notes from the Editors: Highlights of the Year

Published December 30, 2013 | Physics 6, 139 (2013) | DOI: 10.1103/Physics 6.139
Physics looks back at the standout stories of 2013.

As 2013 draws to a close, we ok back on the research covered in Physics that really made waves in and beyond
the ph ommunity. In thinking about which stories (o highight, we ¢ c
popularity on the website, a clear element of surprise or discovery, or signs that the work could lead to better

technology. On behalf of the Physics staff, we wish everyone an excellent New Year

- Matteo Rini and Jessica Thomas

Four-Quark Matter

Quarks come in twos and threes—or 50 nearly every experiment has told us. This summer, the BESIII
Collaboration in China and the Belle Collaboration in Japan reported they had sorted through the debris of high-
energy electron-positron colisions and seen a mysterious particle that appeared to contain four quarks. Though other explanations for the nature of the particle, dubbed

Z.(3900), are possible, the “tetraquark™ nterpretation may be gaining traction: BESIII : een a series of other particles that appear 1o contain four

Strangers from Beyond our Solar System

30 TeV. Researchers will need o
observe many more of the neutrinos before they can be certain of their source, and that may require a larger detector. But they believe the particles were produced outside
of the Solar System (experiments haven't detected neutrinos from so far away since 1887) and may be carrying information about astrophysical events, like gamma-ray

bursts, in distant galaxies
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One or two Z’7?

7!(4020), Z.(4025)

BESIII, PRL112, 022001 BESIII, PRL111, 242001
Z;(4025) » D*D*
~$- data Z.(4025)
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Radial Excitations?

Z(4430) T ¢ (QS) T See also the calculation by S. Brodsky,

D. Hwang & R. Lebed in a diquark-

Z (3900) — J / w 7'(_ antidiquark model arXiv:1406.7281




Since 2003/4 new Charmonium-Like States

State M (MeV) T (MeV) JPC Process (decay mode)  Experiment (#0) 15 observation

X(3823) 3823.1+19 <24
X (3872) 3871.68+0.17 < 1.2

X (3915) 3917.5+1.9 2045

Xc2(2P) 39272+26 246
X(3940)  3942%3  37+%

G(3900) 3943+21  52+11
Y (4008)  40081'% 226497
Y (4140) 41445+26 15111
X(4160) 415672 139113

77—
1+t

0++

9++

27+

27+

B = K + (Xc17) Belle [4] (3.8) Belle 2013
B K+ (J/prTr~) Belle [5, 6] (12.8), BABAR [7] (8.6) Belle 2003
pp— (J/¥n*n")+.. CDF [8-10] (np), DO [11] (5.2)

B = K + (J/y 7 7~ 7°) Belle [12)° (4.3), BABAR [13]2 (4.0)

B = K + (D°Dz?) Belle (14, 15[% (6.4), BABAR [16]% (4.9)

B = K+ (J/¥7) Belle [17]% (4.0), BABAR (18, 19/% (3.6)

B = K + (¥(25)7) BABAR [19f2 (3.5), Belle [17[Z (0.4)

pp = (J/Ynt7r~)+... LHCb [20] (np)

B K + (J/pw) Belle [21] (8.1), BABAR [22] (19) Belle 2004
ete” > ete” + (J/Yw) Belle [23] (7.7), BABAR [13, 24)(7.6 )

ete” = ete  + (DD) Belle [25] (5.3), BABAR [26] (5.8) Belle 2005
ete” = J/Y+ (D*D) Belle [27] (6.0) Belle 2007
ete” = J/+(...) Belle [28] (5.0)

ee” - v+ (DD) BABAR [29] (np), Belle [30] (np) BABAR 2007
ete” =+ (J/YnTn") Belle [31] (7.4) Belle 2007
B— K+ (J/ve) CDF [32, 33] (5.0), CMS [34] (>5)  CDF 2009
ete” = J/ib + (D*D*) Belle [27] (5.5) Belle 2007

@ Not included in the averages for M and I'.



New Charmonium & Bottomonium Like States

State M (MeV) I (MeV) JPY Process (decay mode) Experiment (#0c) 15* observation
Y (4260) 426375  95+14 17 efe s+ (Jfymtn) BABAR (35, 36] (8.0), CLEO [37] (5.4) BABAR 2005
Belle [31] (15)
ete = (JYntn™) CLEO [38] (11)
ete™ = (J/¢¥ 0x0) CLEO [38] (5.1)
Y(4274)  42744%5%% 32 M B K+ (J/y9) CDF [33] (3.1) CDF 2010
X(4350)  4350.6737 13.3%155 0/2tt etem s ete (J/Y o) Belle [39) (3.2) Belle 2009
Y (4360) 4361 +13 74+18 17 ete =4+ (Y(28)7t7) BABAR [40) (np), Belle [41] (8.0) BABAR 2007
X (4630) 4634%9 923 17 efem = y(AFAD) Belle [42] (8.2) Belle 2007
Y (4660) 4664+12 48+15 17~ efe” =4+ (¥(2S) 7t x") Belle [41] (5.8) Belle 2007
ZF(3900) 3898+5 51+19 17 Y(4260) = 7~ + (J/¢w™) BESIII [43] (np), Belle [44] (5.2) BESIII 2013
ete” a1 + (J/¥nt) Xiao et al. [45)° (6.1)
Z}(4050) 4051723  82'31 7?7 B K+ (xa(1P)nt) Belle [46) (5.0), BABAR [47] (1.1) Belle 2008
Zy(4250) 4248*'% 177720 7 B K+ (xa(1P)7Y) Belle [46] (5.0), BABAR [47) (2.0) Belle 2008
Z+(4430)  4443*3% 10772 7 B K+ (¢(28)7t) Belle (48, 49] (6.4), BABAR [50] (2.4) Belle 2007
Y5(10888) 10888.4+3.0 30.7%59 17— efe = (Y(nS)nt7") Belle 51, 52] (2.0) Belle 2010
Z;(10610) 10607.2+£2.0 18.4+24 17~ TY(58) = 7~ + (Y(nS)7"),n=1,2,3 Belle 53, 54] (16) Belle 2011
YT(5S) = 7~ + (hy(nP)7*),n=1,2 Belle [53, 54] (16)
Z,}(10650) 10652.2+1.5 11.5+2.2 1*~ T(55) = 7~ + (T(nS)=*), n=1,2,3 Belle [53, 54] (16) Belle 2011

YT(55) = + (hs(nP)7"), n=1,2

Belle [53, 54] (16)

“Not included in the averages for M and T'.



Mass Matchings

YT (5S) — 7= ZF(10610) — 757 T Y (nS) n=1,2,3

sele 12 I Y (55) — 7= ZF(10650) — 77T hy(kP) k =1,2

mp + mp- ~ 10604 MeV
2mp+ ~ 10650 MeV

7.(3900) — 7= J /4 mpo + mp«+ = 3875 MeV
7' (4025) — h,m™ mp+o + mp-+ = 4017 MeV

&

Moreover: no molecular matchings for the Z(4430)



X(3872), JFC=1++

Discovered by Belle, and soon confirmed by CDF, BaBar, DO. Later observed at CMS
and ATLAS. Both produced in B meson decays and prompt, in hadron collisions.
Four-Quark matter as well? Its isospin seems to be /=0 — whereas the diquark model
would naively predict =1 (just change the flavors of light quarks g & Q).

CMS Collaboration arXiv:1302.3968

4 4 Measurement of the cross section ratio

x10°

CMS Vs=7TeV

L=48fb"
10 <p_. <50 GeV ¢ data

lyl<1.2 total fit
background

Candidates / 5 MeV

>
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e
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o
@
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375 38 385 39 395 -
miWe a'x) 1IGeV]

4
m(JAhp n'w) [GeV]

Figure 1: The J/¢r* 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.
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X: Mass and Isospin Problems

Similarly to what happens to Z;, Z:’and 2, also the X(3872) appears to be very
close to the the closeby (and quantum numbers allowed) open charm threshold

This time the coincidence is really striking because the value is just exactly there.
Actually in terms of mass there is another surprising ‘coincidence’ in the X case




Extreme Interpretations of X

and of all other XYZ states
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Diguarks




SU(3) One-Gluon-Exchange
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Diguark spin basis
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Spectrum

Maiani, Piccinini, Polosa, Riguer, PRD89 (2014)
4050

——

type |l Z(4020) 1+
X(3916) 0+ s
Z(3900) 1+

Mass (MeV)



Since 2003/4 new Charmonium-Like States

State M (MeV) T (MeV) JPC Process (decay mode)  Experiment (#0) 15 observation

X(3823) 3823.1+19 <24
X (3872) 3871.68+0.17 < 1.2

X (3915) 3917.5+1.9 2045

Xc2(2P) 39272+26 246
X(3940)  3942%3  37+%

G(3900) 3943+21  52+11
m) V(4008)  40081'3 226497

Y (4140) 41445+26 15111

X(4160) 415672 139113

77—
1+t

0++

9++

27+

27+

B = K + (Xc17) Belle [4] (3.8) Belle 2013
B K+ (J/prTr~) Belle [5, 6] (12.8), BABAR [7] (8.6) Belle 2003
pp— (J/¥n*n")+.. CDF [8-10] (np), DO [11] (5.2)

B = K + (J/y 7 7~ 7°) Belle [12)° (4.3), BABAR [13]2 (4.0)

B = K + (D°Dz?) Belle (14, 15[% (6.4), BABAR [16]% (4.9)

B = K+ (J/¥7) Belle [17]% (4.0), BABAR (18, 19/% (3.6)

B = K + (¥(25)7) BABAR [19f2 (3.5), Belle [17[Z (0.4)

pp = (J/Ynt7r~)+... LHCb [20] (np)

B K + (J/pw) Belle [21] (8.1), BABAR [22] (19) Belle 2004
ete” > ete” + (J/Yw) Belle [23] (7.7), BABAR [13, 24)(7.6 )

ete” = ete  + (DD) Belle [25] (5.3), BABAR [26] (5.8) Belle 2005
ete” = J/Y+ (D*D) Belle [27] (6.0) Belle 2007
ete” = J/+(...) Belle [28] (5.0)

ee” - v+ (DD) BABAR [29] (np), Belle [30] (np) BABAR 2007
ete” =+ (J/YnTn") Belle [31] (7.4) Belle 2007
B— K+ (J/ve) CDF [32, 33] (5.0), CMS [34] (>5)  CDF 2009
ete” = J/ib + (D*D*) Belle [27] (5.5) Belle 2007

@ Not included in the averages for M and I'.
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New Charmonium & Bottomonium Like States

State M (MeV) T (MeV) JPC Process (decay mode) Experiment (#0c) 15* observation
Y (4260) 426375 9514 17 efe s+ (J/ynta) BABAR (35, 36] (8.0), CLEO [37] (5.4) BABAR 2005
Belle [31] (15)
ete = (JYntn™) CLEO [38] (11)
ete™ = (J/¢¥ 0x0) CLEO [38] (5.1)
Y(4274)  42744%5%% 32 M B K+ (J/y9) CDF [33] (3.1) CDF 2010
X(4350)  4350.6737 13.3%155 0/2tt etem s ete (J/Y o) Belle (39] (3.2) Belle 2009
Y (4360) 4361+13 74+18 17— efe” =4+ (¥(28)7t7) BABAR [40) (np), Belle [41] (8.0) BABAR 2007
X (4630) 4634%, 9273 17 efem =y (AFA) Belle [42] (8.2) Belle 2007
Y (4660) 4664+12  48+15 17~ efe” = v+ (Y(28)ntw™) Belle [41] (5.8) Belle 2007
ZF(3900) 3898+5 51+19 17 Y(4260) = 7~ + (J/¢w™) BESIII [43] (np), Belle [44] (5.2) BESIII 2013
ete” a7 + (J/Yrth) Xiao et al. [45)° (6.1)
Z}(4050) 4051723  82'31 7?7 B K+ (xa(1P)nt) Belle [46) (5.0), BABAR [47] (1.1) Belle 2008
Zy(4250) 4248*'% 177720 7 B K+ (xa(1P)7Y) Belle [46] (5.0), BABAR [47) (2.0) Belle 2008
Z+(4430)  4443*3% 10772 7 B K+ (¢(28)7t) Belle (48, 49] (6.4), BABAR [50] (2.4) Belle 2007
Y5(10888) 10888.4+3.0 30.7759 17— efe™ = (T(nS)mtn") Belle [51, 52| (2.0) Belle 2010
Z,;(10610) 10607.2+2.0 18.4+2.4 17~ TY(58) = n~ + (T(nS)n*), n=1,2,3 Belle [53, 54] (16) Belle 2011
YT(5S) = 7~ + (hy(nP)7*),n=1,2 Belle [53, 54] (16)
Z,}(10650) 10652.2+1.5 11.5+2.2 1*~ T(55) = 7~ + (T(nS)=*), n=1,2,3 Belle [53, 54] (16) Belle 2011

YT(55) = + (hs(nP)7"), n=1,2

Belle [53, 54] (16)

“Not included in the averages for M and T'.



Y States: One Unit of L
STy

Yl o ‘070707 1>1
. 1
Y(4260) like X(3872) == Y, = E(|1,o; 1, 1% 40,11, 1)
Y3 s \17 1707 1>1

Y4 = |]-7 1727 1>1




Charmed Baryonium

G. Cotugno, R. Faccini, ADP, C. Sabelli Phys. Rev. Lett. 104, 132005 (2010)

One may easily suspect that Y(4660) and Y(4630) are one and the same particle
(call it Yg) showing how this hypothesis improves the fit to Belle data.

Under this hypothesis we found the remarkable ratio
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PHYSICAL REVI EW LETTERS S;E:;; citation to look up or terms to

ZoVigpLySiS OIWald Ex: "PRL 112 068103", "Phys. Rev. Lett.
112, 068103"
Highlights Recent Accepted Authors Referees Search About N\ 10.1103/PhysRevLett.112.068103

Close

Molecular Charmonium: A New Spectroscopy?

A. De Rujula, Howard Georgi, and S. L. Glashow

o | etmen | e

Recent data compel us to interpret several peaks in the cross section of ¢~ ¢* annihilation into hadrons as being due to
the production of four-quark molecules, |.e., resonances between two charmed mesons. A rich spectroscopy of such
states is predicted and may be studied in ¢~ ¢* annihilation.



S THE X(3872) SOME SORT
OF DD* DEUTERON?

Deuterium

-2.2 MeV

-20 MeV :
Deuterium

80 MeV for deuterium
i SR
Frel = \/2u<T>¢ . { 50 MeV for X;: Uy~ —7 MeV &, =~ —0.14 MeV

h? gie h g

2018 T e

=&, =0.14 MeV = rg = 12 tm



Barely Bound States in TeV
Hadron Collisions”

T s B el
’ymol‘ Ll

Pythia (2-2 :: yP*>2:: £=100 nb ")

Production xsect 300 times
smaller than the observed one

P._Artoisenet and E. Braaten, Phys Rev D81, 114018 (2010)

C. Bignamini, B. Grinstein, E Piccinini, ADP, C. Sabelli, Phys Lett, B684, 228 (2010)

F-K. Guo, U. Meissner and VWang, arXiv: 1308.0193, 1402.6236



Production: MC Tuning

Comparison to CDF data

hard cc* ‘

also shower cc*: tend to be collinear

red: cc* HERWIG/PYTHIA
green: cc*g(recoiling) ALPGEN + HERWIG/PYTHIA
blue: full gcd HERWIG/PYTHIA

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929



Final state D scatterings”

Hadronization produces mmesons
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Any Improvements?

The mechanism works: feed down from higher bins — but it does
not help in the bins of interest (up to 100 MeV for the com relative
momentum in the wold-be-molecule, ko)

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929



Deuteron at LHC?

Usual reply: A lot!!
Indeed Alice has 30K antideuterons.
— In which pr range though?

Pp (Vs =7 TeV)

05 06 07 08 09 1 11 12 13 14

P, (GeVic) \yI <09

Recall that X has been observed with a pr>5.5 GeV!



(7)max ~ (|p| sin 90/2)max ~ Pl




MC Extrapolation

ko Up to 100 MeV

antideuteron

T
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7 ‘CM‘“S- cufs for the X:VVIOV - pT < 50 GéV
ly| <2

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929



Reverse MC Extrapolation

L antideuteron

Ko up to 450 MeV

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929
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Hadronization must be 40

V) = a|[Qqls, [Qdls.)c + BI(QQ)1.(99)1.)0 + 1(Q7)1.(Q9)1.)0

— All ‘woud-be' loosely bound molecules do not form any bound state.

— Sometimes a compact 4quark state is formed, but it could be that |a| < |B],]Y]
— An amplification mechanism might be at work when the closed channel level
matches the onset of the continuum spectrum of two mesons with the same

guantum numbers.




Another Mechanism

Borrow some ideas from cold atom physics. The Fano-Feshbach mechanism.

Open charm (molecule) potential
Hpyp = Epyp

(continuum levels)

Open charm
threshold




Another Mechanism

Borrow some ideas from cold atom physics. The Fano-Feshbach mechanism.

Open charm
threshold




Another Mechanism

Consider also that the J/ p* is sensibly lower than the related open charm
charged molecule. This could be why there is no charged X and /-violat.

Open charm
threshold

/" Hybridization

—

Red: diquark-antidiguark

i ol\vq)1. (& Blue: loose molecule
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4-quarks from lattice”

Esposito, Papinutto, Pilloni, ADP, Tantalo Phys.Rev. D88 (2013) 054029

On simulating a proton on the lattice, the interpolating operators
O = B e B e e

are equally good. One might wonder if is there any chance of studying
genuine tetragquark configurations on the lattice as they might turn out
not to be distinguishable from standard charmonia.
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More Exotic States

| Bottom quark decays
Starting baryon b—cud (O(N?)) b—cus (O(N?))
pT0 — pDODO »+70 _y 2+ DOPO
- [beu] nT+ — nDOD* AO(E0)T+ — A°(2%)DOD+
AY(EO)TH+ — A°(X°)DODF =0T+ 5 20D+ PP
' nT® — nD°DO AO(20)T0 — AO(x0)DO DO
AT - A-D*DV X7+ 5 2-D+*DY

ST+ - =D+ D =-T+ - E-D+ D"

| Same final states as (bed) =07 5 =popL
with b — cus =T+ —=Z"D"D'
(they differ by just d > s) QT > Q DfDY




Lattice Spectrum Studies

C(xo)

meff T ln

[2]
=
c
=}
©
Rl
=
&
£
(2]
(2]
©
S
)
=
=
(o]
(9]
=
)

; T+
From meson(0-)-meson(1-) correlators II

0 5 10 15

0.4

c=(7.40e-01 +/- 1.1e-02) C,=(6.560e-01 +/- 4.1e-03)
data tetraquark state @ data meson meson state

A. Guerrieri, M. Papinutto, A. Pilloni, N.Tantalo



Conclusions

 Multiquarks hadrons have been discovered! \We need a coherent

description which aims to explain the largest number/totality of collected
data.

 Loosely bound molecules promptly produced at high energy hadron colliders
require a miracle in final state interactions.







Can Alice add knowledge on X(3872)7

Let’'s consider the recombination mechanism (Muller et al.)

MESON

N\

BARYON

el

/

4Q

The phase space is densely populated of partons. The soft part of the spectrum of
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| - The transverse momentum of partons is steeply falling with pT
Il - Fragmentation functions favor the situation where the energy of the
fragmenting parton is not concentrated in a single hadron but distributed

amid all radiated partons.

Thus fragmentation is inefficient at producing high pT hadrons in general.
In particular pions are favored with respect to baryons .

But if th phase space is highly populated with partons, then it can simply
happen that

PT(' = Py T Dg

Pp = Py T Pu T Pd

Baad Pyt Y R e R L P 5 A T ol Shh = jo- g8 5 e Y Sp A o Ly
¥ T PPT IV T L, T ML Sy | P g T Sy S et s ARG R 1 o* S Adce PGS G e e i
W e SRS 4 PP L o LY ey L . By s L o Y <o T e - ¢ e s - oy 3 o a B mp e




As for the recombination mechanism, we might expect the X should be
produced with similar yields as other charmonia/bottomonia (either 4q or
molecule interpretations are assumed). Charm enhancemet at ALICE”? Then
X enancement as well!

I

.6
.4
.2

1
.8
.6
.4
.2

o o o o

Maiani, Polosa, Riquer, Salgado arXiv:0707.4578 [hep-ph]

Fragmentation functions should be moditfied for a tetraquark X as
diquarks are produced whereas the hard part of the spectrum
should be left unchanged for the molecule.



Exotic hadrons and HIC

e Model the fragmentation functions of diguark-
antidiguark mesons. Confronted with data from
ALICE.

The numerators are dominated by

- ] | &5
- Nl NnNnlaoarriilao acnA tatra, ~ Vs
\ & C 1t | | f :

RN e I (dNH/dsz_(b = 0))
Ncou(b = O) dNH/dsz_ (b)
I (dNH = 0))

dNg/d?*p. |pp

Ncoll (b - O)

- the‘coalescence’ mechanism (B. Muller



CHARMED DIQUARKS

Qi = Gijkéam(?‘éﬁ%qm = [qq]o

The octet with diquarks - qﬁf“ — Eaﬁng(‘jﬁ)qkh — [C]C]]l

the ‘azimuthal approach’

dq-dq*

lcglolcglo V' (legliled]r)o

lcql1]eqlo + [eqlolcqa

V2

lcql1]edlo — [eqlolcql

V' (leqlaleq))a




ISOSPIN VIOLATIONS

We set in the flavor basis X,,, X4

2M, 0 |
= (5 o)+ ()

where the mixing matrix has a diagonal structure in the Isospin I = 0,1

basis, its eigenvectors being

A0 ()

At the charmonium scale we expect the annihilations fo be small and
quark mass to dominate - observed X -> w/ p isospin breaking

G.C. Rossi, G. Veneziano; L. Maiani, F. Piccinini, ADP, V.Riquer PRD 2005




_earn from Hadron Multiplicity

p(m) = # of states in (m,m+dm) = Z d(m—m") —

m*

gm=* *\ 2 2
— E exp(—(m —m WO
m*=mys, My, Mm Tm*V 2m p( ( ) / 4 )
= JUL @ o IR gave

Tms = Dy /2 ~ O(100) MeV
. /1966

g (4627 states

—

(1411 states)

mo = 660 MeV
Ty = 157 MeV




Hadron (Gas

The partition function of a hot gas of hadrons could be written using the
degeneracy factor as extrapolated by the exponential density of hadrons

BN Zp Ze P G

S
degeneracy of F

V AT - P2
~ (27T)3/dm p(m)e” T /dpp26 2mT

32
a T—TH)

\O " - ‘ "4' "‘.
a P _'.. el g

‘ ‘)'l . ;




When shallow bound states are allowed in low energy potential scattering it

IS possible a description of scattering leghts and phase shifts which does
not require the precise knowledge of the scattering potential.

I h?
| Ep|

ot m

vs. a ~12 fm from Low Eq.

-D Width B 1

&~ W

oY)

%
Scatt. Lenght [fm]
= [\e)

A | ‘ | | ]
0.0 0.2 04 0.6 0.8 1.0 1.2
Iror [MeV]

The coupling is extracted from the X decay width into DD* components;
yet the binding energy is too low.




X at LHCDb

LHCb arXiv:1404.0275

B(X(3872) — 1(25) 7)

A TR

“...The measured value agrees with expectations for a pure charmonium interpretation of
the X(3872) state and a mixture of charmonium and molecular interpretations.
However, it does not support a pure DD* molecular interpretation of the X(3872) state ...”
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Imperfect Matchings

The matchings shown above are valid only with neutral components though.
We know that the two following thresholds do not match

D:I:D*O (OI' DOD*:I:) # J/w p:l:

being that

mp+ —mpo ~ 4.8 £0.1 MeV
Mmp++x — Mp=o ~ 3.3 £0.3 MeV

L
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Quantum Numbers

Let’s refer to Z:0(3900). It is a 1+ particle. A simple way of building it is the
following. Take two colored positive parity bosons (diquarks) in S-wave (L=0).

’SQC]? SQC]’ S> = |1CQ7 15(}7 ]->

Indeed exchanging coordinates, spins and charges, in this two boson system
we can make C=-1

T =t e =
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Fightfold Way

50 years of quark model

Three quarks in the fundamental. The list of
elementary particles gets much shorter...
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Diguarks




Before Z:(4025) was found

Maiani, Piccinini, ADP, Riquer, PRD 2013 — type I model
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370 375 380 385 390 395 4.00 . . . . 380 385 390 395 400 4.05

Fit with two resonances Fit with two resonances
with no further constraints. with M(Z’)>M(2).
The second structure is The second structure is

a fluctuation P=12% a fluctuation P=53%



Spin problem in type |

In the type | diquark model we have two 1+ states the heavier, Z, at about 3880 MeV
(A= e e )
The expected spin of the cc* pair being computed as

lee = (3/2+2(Z"|8, - 8|2
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Quark-antiguark spin basis
T shs

1 V3
g = §|qu, Ocelo + 7|1q(ja 1cz)0,

V3 1
= 7|0q67005>0 = §|1qq, N

X = tidi ) decays o

It
R A o Z-:_ T (|1q67065>1 =Y |Oq<jv 105)_1) |

el e Cach
¥

‘ "_ﬂr._ > et .
A ¥ - L e
M A SRR e =

i " B
¥ 45 a e S et AGGOUTI el b A o
W -1 by ¥ L ot S S o n gl ¢ 4
14 ' AL S e b LS LY W WL MLl T e
{ - X
’ .



The 1 Correction

red: 1 pion
blue: O pions
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Braaten & Artoisenet arXiv:1007.2868



