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THE ‘NEW’ HADRON RESONANCES
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As Predicted by Charmonium Theory
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Experimentally Observed Levels
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The New States
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As Predicted by Bottomonium Theory
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Experimentally Observed Levels
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THE X(3872) DISCOVERY (2003
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® From the beginning it was realized that the radiative decay of X — |/ ¥ was way
too small in comparison with J/\p+p to fit a standard charmonium picture as 2 3P,
(Eichten, Lane and Quigg)

¢ J/W+p and J/PW+w channels have very similar rates (isospin violation) - unexpected
for a cc™!

s The mass of the X is almost exactly equal to the sum of the masses of D and D* open
charm mesons

¢ The mass of the X does not fit with the expected accuracy any of the predicted
charmonium levels.

For a rather long time the X has been supposed to be a |** state.

We are now in the puzzling situation that data could (re)open the 2-* option ...

R. Faccini, F. Piccinini, A. Pilloni,and ADP, ‘On the Spin of the X(3872)’, arXiv:1204.1223
T. Burns, F Piccinini, ADP, C. Sabelli, ‘The 2-+ assignment for the X(3872)’, Phys.Rev.D 2010
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Are Mesons Elementary Particles?

E. FerMt axp C. N. Yanc*
Institute for Nudear Studies, University of Chicago, Chicago, Illinois

(Received August 24, 1949)

The hypothesis that »x-mesons may be composite particles formed by the association of a nucleon with
an anti-nucleon is discussed. From an extremely crude discussion of the model it appears that such a meson
would have in most respects properties similar to those of the meson of the Yukawa theory.

I. INTRODUCTION

N recent years several new particles have been
discovered which are currently assumed to be
“elementary,” that is, essentially, structureless. The
probability that all such particles should be really
elementary becomes less and less as their number

.

increases.
It is by no means certain that nucleons, mesons,

electrons, neutrinos are all elementary particles and it
could be that at least some of the failures of the present
theories may be due to disregarding the possibility that
some of them may have a complex structure. Unfortu-
nately, we have no clue to decide whether this is true,
much less to find out what particles are simple and
what particles are complex. In what follows we will
try to work out in some detail a special example more
as an illustration of a possible program of the theory
of particles, than in the hope that what we suggest may
actually correspond to reality.

We propose to discuss the hypothesis that the x-
meson may not be elementary, but may be a composite
particle formed by the association of a nucleon and an
anti-nucleon. The first assumption will be, therefore,
that both an anti-proton and an anti-neutron exist,
having the same relationship to the proton and the
neutron, as the electron to the positron. Although this
is an assumption that goes beyond what is known
experimentally, we do not view it as a very revolution-
ary one. We must assume, further, that between a
nucleon and an_anti-nucleon strong attractive forces
exist, capable of binding the two particles together.

* Now at the Institute for Advanced Study, Princeton, New
Jersey.

1730

We assume that the x-meson is a pair of nucleon and
anti-nucleon bound in this way. Since the mass of the
w-meson is much smaller than twice the mass of a
nucleon, it is necessary to assume that the binding
energy is so great that its mass equivalent is equal to

the difference between twice the mass of the nucleon and
the mass of the meson.

According to this view the positive meson would be
the association of a proton and an anti-neutron and the
negative meson would be the association of an anti-
proton and a neutron. As a model of a neutral meson
one could take either a pair of a neutron and an anti-
neutron, or of a proton and an anti-proton.

It would be difficult to set up a not too complicated
scheme of forces between a nucleon and an anti-nucleon,
without about equally strong forces between two ordi-
nary nucleons. These last forces, however, would be
quite different from the ordinary nuclear forces, because
they would have much greater energy and much shorter
range. The reason why no experimental indication of
them has been observed for ordinary nucleons may be
explained by the assumption that the forces could be
attractive between a nucleon and an anti-nucleon and
repulsive between two ordinary nucleons. If this is the
case, no bound system of two ordinary nucleons would
result out of this particular type of interaction. Because
of the short range very little would be noticed of such
forces even in scattering phenomena.

Ordinary nuclear forces from the point of view of
this theory will be discussed below.

Unfortunately we have not succeeded in working out
a satisfactory relativistically invariant theory of nu-
cleons among which such attractive forces act. For this
reason all the conclusion that will be presented will be

—




X - A DIFFERENT KIND OF MOLECULE

N.Tornqpvist, E. Braaten & Kusunoki, E. Swanson, F. Close and many others
The loosely bound (~0 MeV) molecule (DD*) interpretation is tempting - it accomodates
the isospin problem. But what about production at hadron colliders!?

But then, what about the high production cross sections at Tevatron and LHC!?
Computer simulations leave no space to the molecule hypothesis.

C. Bignamini, B. Grinstein, E Piccinini, ADP, C. Sabelli, Phys Rev Lett, 103, 162001 (2009)
C. Bignamini, B. Grinstein, F. Piccinini, ADP, C. Sabelli, Phys Lett, B684, 228 (2010)

Can final state interactions allow such high production cross sections!?
How can occurr the decay into J/\ initiated by a 10 fm bound state of color neutral mesons!?

P_Artoisenet and E. Braaten, Phys Rev D81, [ 14018 (2010)

And more: if 2”7 is confirmed the molecule hypothesis is ruled out.
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THRESHOLDS (CHARM SECTOR

A considerable amount of ‘unoccupied’ thresholds
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THRESHOLDS (CHARM SECTOR)

See E. Braaten talk at CHARM?2012

® For an hadron being constituent in a hadron molecule its width has
to be smaller than binding energy (e.g. p is just too broad)

» Close to thresholds of narrow mesons (say DD interesting things
might happen. There are several narrow charm-charm threshold one
can form starting from D, D, Ds, Ds" Dso, Ds1%,Ds1’

® Narrow light hadrons should also make up molecules
(T1,K,n,N’,w,P). Similarly with light baryons.
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OPTIONS FOR
COLOR NEUTRAL STATES

a compact tetraquark’ 8c

8C ’
® ’ the ‘hybrid’ option @ quark (heavy or light)
8¢ ¢ antiquark

’ gluon
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CHARMED DIQUARKS:
THE SYMMETRY APPROACH

Qio = €ijk€apr @ V54" = [qqlo
The octet with diquarks - qlf = Gaﬁng(‘jiqkh
the ‘azimuthal approach’

lcqlolcdlo V' (leql1ledlr)o

lcq]1(€qlo + [cqlolcql

V2

lcql1(€qlo — [eqlolEq)

V' ([eqlileq]a)a
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ISOSPIN VIOLATIONS

We set in the flavor basis X,,, X4

2M,, 0 1
= (5 o)+ ()

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

basis, its eigenvectors being

a0 50

At the charmonium scale we expect the annihilations to 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

Wednesday, June 20, 12



DIQUARK MODEL

Drenska Faccini, ADP Phys Lett B669 I6O (2008) Phys Rev. D79, 077502 (2009)
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TETRAQUARKS ?

L. Maiani, F.Piccinini, ADF, V.Riquer, Phys. Rev. D71, 014028 (2005)

® Two neutral X predicted with an hyperfine separation
in mass to accomodate isospin

~~.

Cq O ¢ Charged partners (degenerate in mass?) with Q=%
: !_(,) or even Q=2 such as in [cu][d*s*]. Not seen. Are they
- just too broad!?

3
-------

® The heavier partners of light tetraquarks (scalars) ...

G.‘t Hooft, G. Isidori, L. Maiani, ADPV. Riquer, Phys Lett B 2008

Today we have 5 charged states - not explained by any unified picture
(to be confirmed )

Z(4430), Z1 (4050), Z»(4250), Z(10610), Z(10650)

The decay pattern preferring a P(2S) (or N(2S)) is completely obscure.
The last two were found in May 201 I.
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TETRQUARKS PREFER BARYON DECAYS

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

We observed that Y(4660) and Y(4630) might be one and the same particle
(Ys) showing how this hypothesis improves the fit to Belle data.

Under this hypothesis we found the remarkable ratio

Search for similar resonances having ‘baryon dffinity’ in the b-system.
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THE X(3872) SPIN




EXPERIMENTAL RESEARCH ON SPIN

O(1000) fully reconstructed B — X(3872) K* events with X decaying into
JIW p are expected at LHCb in 2013 - sufficient to have an unambiguous determination
of quantum numbers performing an angular analysis. Results achievable within 2013/2014

,_E" 120 LI_-Ii_Cb simulation with 1000 evts 14— o
e - — - e
8 = 2 . 12__ ! .
r ’ 3 o !
- - | > F —H
| 8-
80— | 1 ~ F 2
" | T 1 — 2 S
L N 1 | —/ | Z o
1 S
60:__‘ \ i ! | w4,
L o e
40 | =
: - O:_ | | | | | | | | ) |
By Yy S T N T Y B 0745 0750 0.755 0760 0765 0770 0.775 0780 0.785

Cos6, M(3r) (GeV)

- r
R. Faccini, F. Piccinini, A. Pilloni,and ADP, ‘On the Spin of the X(3872)’, arXiv:1204.1223

Belle & BaBar stopped data taking in 2010 and 2008 respectively.
Ongoing analyses with low manpower but still possible and interesting.

With 2011 (Ifb"'), LHCb has about 15000 prompt X candidates on tape.
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MATRIX ELEMENTS

R. Faccini, E Piccinini, A. Pilloni,and ADP, arXiv:1204.1223

. NERa o i/
AR T o

Spin1:: 1++
(W(e,p)V (0, )| X (A, P)) = grypv €777 Au(P) €,(p) 1,(q) Po
V=pw Spin 2 :: 2-+
(W(e,p)V(n, )| X (7, P)) = g2yv Ta + gayv T
L o (phm o (Blied v g g (o) mie () mop (el ap, e e ()
T = Q% mau(P) €7 P, €,(p) 1,(q)

where the sum over the five polarizations is
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CALCULATION OFWIDTHS

In our approach we do not need any orbital barrier factor (Blatt-VWeisskopf) as
the decay wave is fixed by the matrix elements. Instead we take into account
the hadron finite sizes by introducing a ‘polar’ form factor (n=1,2)

: g
(1 g R2q*2)n

)

The R parameters will be fit on data. Next we compute the widths, e.g.,

DX 9 rt77) =g gy [ ds 31 o)X (s )

pol

It 1
i dd(?) E
Xw(s—m2)2—|—(mp / [{mm Dl

P pol

(for p and W ) in both hypotheses (spin=1,2) and compare to data.
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COMBINED FIT ANALYSIS

In the channel X = @ 21 both hypotheses |=1,2 fit data well (no discrimination).
On the contrary in X — w 3 the 2" hypothesis is the better one

Because of this, following Hanhart et al (Phys. Rev. D85, 011501, 2012), we also made
a combined |=1,2 fit. But our statistical analysis gives opposite results with respect to
those presented in that paper

Fit parameters

- 4
ol =iy R1,91¢p791¢w

fifedl—) RQ,Qszpygéwpngwwagéww
@ J

It is interesting to note that the radii, the fit parameters with a
physical content, have reasonably small errors and get values
consistent with | fm, the scale of the size of a standard hadron
interaction.
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We have performed a statistical analysis of data based on the Toy-MC method
studying the estimator A y?

BEE e () )

where the y? are related to fits to MC samples generated under the |=I| or 2 hypothesis.
With available data there is very little room for the |++ hypothesis

1 APSTS

n=1 fit to data
0.08+

0.06-

J=1 samples E—EJ P(AX2 L e R
o PlAx 2 el D [0 e =A%

(n=1)

dP/dAy?

J=2 samples |

0.02-

0.00[ ; ‘ ‘ ‘""-"‘- ‘ ‘ ‘ ‘ ‘ L""f ‘ ‘ R
-40 -20 0 20 40
A)(z

are the probabilities for the two spin hypotheses
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(TOY MC METHOD)

® Generate N MC data samples with the same # of events as real data

@ The samples can be generated using the parameters that better fit the |=1 or |=2
hypothesis (extracting, sample by sample, the parameters according to the best
combined fit to data)

@ Mass bins b; are filled by extraction from Poisson distributions of mean
values H; given, bin per bin, by the combined fit model vs data - the errors
on b; are assumed to be the statistical fluctuations on L;

Wednesday, June 20, 12



BELLE ANGULAR CORRELATIONS

Belle, arXiv:1 107.0613

The angle Ox is measured. It is the angle between the )/ and the direction

opposite to the K (from B— K X) in the X rest frame (the resulting decay
distribution is flat in S-wave and ~(| + 3 cos?0x) in P-wave)

Two more angles 0| and y are introduced according to the definition

In the next slide our distributions for cos Ox and cos 6,
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RESULTS

AN A

x J /1 + 27 (angular analysis 4 invariant mass)
P93

P2 =y,

x J /¢ + 3w (invariant mass)

RlEmR— 0

R 1%

x J /1 + 31 (combined)

BRI 6.2

R0 )1
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WHAT IF 27 22
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THE SIMPLEST QCD STRING

Selem and Wilczek hep-ph/0602128 (on the Chew-Frautschi model)

PR LTLAR A T A

Charmonia with hadron strings!?

w

‘\dr

E (GeV)
NI 7 UL

——heavy—heavy
——light—heavy ‘
—light—light

OS] 28NS St 6 a8l w9 a0

R (fm)
mq Mo o S LNy o e
G + o o
V91— (wr1)?2  /1—(wre)? 271w Jg [ ig2 = At ety IREne
wrim, Wrams o WAL g2 o il 2

e - - +
V1—(wr)?2 31— (wr)?2 27wl Jo  V1—12 2mw? Jg 1 — 02

d
o~ 1 GeV? from Regge slopes and d€'/dr' =T =0¢/2r and T = £ e mw?y°r
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THE SIMPLEST QCD STRING |l

Cotugno, Faccini, Polosa, Sabelli, Phys. Rev. Lett. 104, 132005 (2010)
Burns, Piccinini, Polosa, Sabelli, Phys Rev D 2010

. L .

We take the limit in which the mass attached to the ends
of the string is the largest scale in the problem

3
arans b (1672 M)1/3

E(r) as Z?/r(Mw)—%)

(00 +A (S 7) L)

r dr

No spin-spin because of large r and M

3.8 o e 103
g 36/ o 10.1 e el
t;; e 170 MeV w/x., 99 — K10
3.2 L=1 | L=2 9.7 E=1en="
(charm) (beauty)
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THE NEXT-TO-SIMPLEST QCD STRING

Tami C <az>2/3+A(§.z*)ldiamw[s*ts(g.ﬁ)z]

(16720 )1/3 e
EABEE P lalP Prediction +1MeV
bottomonium
9912 W  —-mmmmmmeee- Xb2 — 2 MeV Yo
h 19900
+ 3 MeV b ]
Popagli e T D B X 9896
)
=
=
0859 @ 0oUmmmmmmmmm——-. Xbo + 1 MeV e o858
Expt Spin—Orbit

Burns, Piccinini, Polosa, Sabelli, Phys Rev D 2010
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D-WAVE BOTTOMONIUM

10173~
10164 -

M(MeV)

10152

bottomonium

Expt

+ 11 MeV

— 2 MeV

— 10 MeV

Th

Based on BaBar data

10184

10168
10162

110142
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CHARMONIUM L=

The situation for charmonium is a bit more tricky since the
“infinite’ mass limit is less appropriate here.

3556 = ==m==mmmeoe- Xeo S Xeo 13556
<l N S SRR he o h, 13528
Sl e T = X1 3512
)
=
=
+ 21 MeV XCO . 3436
3415 = e Xco
Expt Th
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IS THE X(3872) A 'D; (2*)CHARMONIUM?!

ST RN ~ e X(3872)
13D, {3841
S
3 i
Slagmol e s tet LT w 1°D, 3780
— 45 MeV 13D1 | 3727
Expt Th

Maybe isospin violations mentioned are not the main problem,

But what about radiative decays?
J/WY and J/Yp would be P-wave decays - but then why

B(X(3872) — J/v)
B(X(3872) — J/dmt7-)

— (0.3+0.1)
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FRAGMENTATION OF A GLUON IN A 'D;

~ Cho and Wise hep-ph/9410214

do
o 1' Dy + All) = Z/ dz— (0P — glpL/2) + Al ) X D, o (25 1)

3 JRRRSARAAE AR RRRRE RRRRE '
v o (/M2 /19602 =~ 0.02 ¢ r\\ i
pL =5 GeV i ,ozf‘fxf\.\ 4
‘y‘ S 6 _:i" 1073 —
factorization scale y ~ M | g 4
Updating the pdf’s we find . o e T

o(pp — 11Dy) = 0.6 nb [

Still very small w/ respect to the prompt production at CDF
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BARYONS STRING AND DIQUARKS

A e T ‘t Hooft hep-th/0408148

® endpoints neglected
Ve e e R = e = G o = kg
o € [0, L'(7)] variable length in time
L

T

» 3 L*(7)
Rl Z/dT/ da\/(aaxg - 0 X112 — (0, X1)?(0- X})?
= g

It is found that one of the three harms will soon (T) disappear shedding 2

its energy into the excitation modes of the two other harms: oy
we end up with a single open string connecting three quarks. &

Quantum effects will then favor the configuration with one quark at one
end and a diquark at the other hand. Baryons are like mesons as in Regge trajectories
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2-+ OPTION

® Molecule ruled out
® Standard charmonium suffers
® Tetraquarks can be but, again - more states required -

® Are there reasons to expect more states! In the
following we give one of the possible ones
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Having more XYZ (or having underestimated their br’s) would improve on a old puzzle
about the momentum decay of J/\p in B — J/\p+ All decays observed by BaBar

T. Burns, F. Piccinini, ADP, V. Prosperi, C. Sabelli, Phys Rev D83, 114029 2011

T

10

x 10* x 0.1 GeV

I dI'

dew

Y (4S) rest frame
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Hypothesis:
no interaction between the hard
part and soft part of the process.

C
b / c
> \
B W ;
If the cc* pair is produced in color
s
singlet configuration one has a two body
» % decay:B — |/ %.
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MANY STATES..STATISTICAL METHODS?

E.N.M. Cirillo, M. Mori and A.D.P, Phys. Lett. B705, 498 (201 1)

. Al »
. AR "u.Y b+

|
8 |
| B GOE samples
[ . Poisson samples
6 |
------- A(7) Standard
- - A(7) Exotica
<4
2
0
00 0.2 0.4 0.6 0.8

A7)

Fig. 4. Sampled distributions for A(7). The histograms are obtained with 19980
GOE samples and 20000 Poisson samples and rescaled to unit area. The vertical
lines indicate the A(7) value for the standard and the exotica series. The bin width
is equal 0.008.

A — T —

Hamiltonian classically chaotic — quantum level repulsion,Wigner law of GOE eigenvalues
Hamiltonian classically integrable — Poisson distribution
Study done with six 1~ charmonia vs. six |-~ possible exotic hadrons
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EXOTIC HADRONS AND HIC

® What are the fragmentation functions of diquark-antidiquark

mesons! Could they be modeled and confronted with data from
ALICE and CMS/ATLAS!?

1 - Neon(b)  (dNg/d*py (b =0)
i oA

Rcp--PHENIX CP Ncoll(b o O) ( dNH/d2p¢ (b)
5 & (dNH/deL(b - 0)>
0.6 " Neou(b=0) \ dNg/d?p1|pp
0.4 _ The numerators are dominated by

i, the ‘coalescence’ mechanism (B. Muller et al).
0.2¢ _ Molecule and tetraquark denominators
0 2 4 6 8 10 should also be different

L. Maiani, A.D. Polosa,V. Riquer, C. Salgado, Phys Lett B 2007 (light mesons)
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EXOTIC HADRONS AND HIC

g/t o - AL £

| - The transverse momentum of partons is steeply falling with pT (assume exp.)
Il - Fragmentation functions favor the situation where the energy of the

fragmenting parton is democratically distributed amid all the radiated partons

For this reason fragmentation is inefficient at producing high pT hadrons.
In particular pions are produced more efficiently with respect to baryons.
But what if the phase space is densely populated with partons!?

Pr=p,+p;~2p
Pp:pu+pu"|—pdN3p

# (protons) ~ exp(—3 p) ~ exp(—F;)
#(pions) ~ exp(—2 p) ~ exp(—Pr)

#(protons) /#(pions) ~ 1 if P; ~ P,

#(X4q) ~ exp( )

C = Combinatorial factor of
#(Xmo1) ~ Cexp(—Px) producing a (almost non
relatively recoiling) pair (D,D*)
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CONCLUSIONS

® We have spent quite some time debating about which is
the correct description of these resonances.

® The models presented all have pros/cons but none of
them has -the- solution

* Hopefully a new bunch of results from the LHC
will revitalize the field
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BACKUP SLIDES
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DEUTERIUM & X

Deuterium has a binding energy of ~2.2 MeV.
The X has ~ -0.14 MeV.

For Deuterium one can make a square well potential model with a depth of ~ 20 MeV
For the X the depth could be of about 7 MeV.

The expectation for the X to be found outside 3 fm is 77%

(~72% to be within [3,20] fm and only 20% to be in [0,3] fm)

The Deuterium has spin
D and D* do not have spin-spin interactions

Production at hadron colliders?

00 e —
o \/\/’\/’\/\/\/\ S\ ry
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HOW LARGE ISA MOLECULE?

Using the indetermination principle

5 =& =Mp+ Mp — Mx ~ 0.25 MeV
DG i b

and the fact that g/41T~10 we find a characteristic size

7“0~8fm

which could either be infinity(!) as

£ =-0.124+ 0.35 MeV
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PROMPT PRODUCTION

i / k(X |DD*(k))(DD" (k)|pp)

2

- /R &3k (X|DD* (k)){DD* (k)|pp)

2 /72 Bk / k(DD (K)[pp)?

R

< | dHDD KA
Using Pythia & Herwig we can compute

o X(3872) = /R k(D D* (k) |pp)

where R ~ [0.40] MeV
as k ~ 1/2u(—0.25+ 0.40) ~ 17 MeV

Wednesday, June 20, 12



TUNING MC’S

] CDF II vs MC CDF 1I vs MC
r ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ] 4 — : : v : : : : = ; . . | ‘ E
r 0 .. . 1 u
30 D" |y|<1::5.5<p . <20 GeV . D" :: |yl<l:: 55<p, <20 GeV
s D™ lyl<l:: 55<p.<20 GeV - D' i |yl<l:: 5.5<p . <20 GeV
50 . 3 : .
: Herwig (p.P™" >2 GeV) : - Pythia (p.”" >2 GeV) ’ *
a ¢ —— 5
Eist . ] gL Ul }
- ﬂ .
07 _
1 7 +. o | : .{ "
05F ) @ T | E - | N
- ——et—0— ] - m; m ! t
0‘0;\ | | | | | | | ! ! | ! ! ! | | | | é 0 I : i L s 1 i I .
0 50 100 150 0 - s0 wo 150
A Ad

F—"‘L* : : ; e TR ———
e D% D' pair cross section as function of A} a F Run II. We find that we have to rescale the Herwig

cross section values by a factor K= 1.8 to best fit the data on open charm production. As for Pythia we need K=0.74]

¢

beam line 0
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COUNTING PAIRS OVER 5*10%*9

SIMULATED EVENTS

30 _ Herwig (2-2 :: yP*>2:: £=100 nb _]] 4 7 Pythia (2-2 :: yP™'>2 :: £=100 nb ) -
2.5 ?

- 31 !
~208 .
L X (= I

E 15} g’ 7

1.0 - 1 :
05F f

{}U 0 [ \ ! \ \ ! \ \ ! \ \ \ ! \ \ \ L]

A B L - S oo - 00 0.2 04 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0 k. (GeV)
e
k.. (GeV) ol

Bignamini,Grinstein, Piccinini, Polosa, Sabelli Phys Rev Lett 2009

In the Ball R of relative momenta found above the cross section turns out to be 0.07-0.11 nb,
about 300 times smaller than the minimum experimental value found by CDF data (~30nb).

One needs to integrate cross section up to about 205 MeV with Herwig and 130 MeV with Pythia
in order to reach the experimental value. We thus EXCLUDE any molecular interpretation of X(3872).
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(1) FSI can make a high relative momentum pair to rescatter
in a lower relative momentum pair: k can range up to A=2mjy

(2) Enhancement factor

(In this way o™ and 0®® can be reconciled J
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r

.

a is the range of
strong interaction:
a~1fm
k<1/a~200MeV

y,

:: Bignamini, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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r

.

a is the range of
strong interaction:
a~1fm
k<1/a~200MeV

y,

:: Bignamini, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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0 S < 1 7 R el ol ) Sy B
DD*(k<300 MeV)
g5,
: X=50 MCV
2]10¢
5 [
0.5+ x=100 MeV
0.0; | | | | L | [ | T 1 -
0 S AR Sl ST IR o o1 NP

Number of hadrons with k<x relative to D° or D°*

" ais the range of

strong interaction:
a~1fm
k<l/a~200MeV |

.

In the standard treatment of FSI (Watson Theorem)
one should have no more than two particles

rescattering in the final state.
We find that this is not the case in the CDF simulation.

:: Bignamini, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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0 S < 1 7 R el ol ) Sy B
DD*(k<300 MeV)
g5,
: X=50 MCV
2]10¢
5 [
0.5+ x=100 MeV
0.0; | | | | L | [ | T 1 -
0 S AR Sl ST IR o o1 NP

Number of hadrons with k<x relative to D° or D°*

" ais the range of

strong interaction:
a~1fm
k<l/a~200MeV |

.

(i L
S-wave scattering

requires: ka<<l
k<<200 MeV

In the standard treatment of FSI (Watson Theorem)
one should have no more than two particles

rescattering in the final state.
We find that this is not the case in the CDF simulation.

:: Bignamini, Piccinini, Polosa, Riquer, Sabelli, Phys.Lett.B684:228-230,2010 ::
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11.0 +

10.5 ¢

Mass (GeV)

95 ¢
777b(13)

Newcomers in the b-System

' 1p (39)

100 1025

Y, (10888 )

CHARGED STATES

D)
L (4S) ___Z,(10650)
Z: 106107

DECAYS & PRODUCTION
@ °°° /s ~10.860 GeV

Y, (10888 ) — Y (nS)sur, n=1,2,3

@ ¢z e s-10860 Gev

Z,— Y (nS)yur, n=1,2,3
Z,— hy (nP)sr, n=1,2

B; B,
B,B;
B;Bs

1B B*
1B B
"B B
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FESHBACH MOLECULES

E. Braaten

energy

energy
v
Vo
|
-
i
|
|
|
|
|.
|.

distance

1
7/5 — <¢B\HBA

E—Haaq

|

distance

Hag|Yg) ~ |g|°

[The Breit-Wigner width of a Feshbach resonance
is proportional to the coupling squared between the open (A) and closed (B) channels]
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LIGHT SCALAR MESONS




1100
1000}
900}
800
700¢
600
500¢
400}

17007

1600

1500

1400

1300y

LIGHT SCALAR MESONS

M (MeV)
O++ aE— — o= a0(980)
o (980) :
=) B[ 0 1
I
M (MeV)
SFar
0 £6(1710)
U0 a9 (1450)
fo(1370)
-2 ] 0 1
I

1000
800
600
400

200

1700

1600

1500

1400

1300

1100
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1000
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900
850
800
750

M (MeV)
0+
)7.
L
— — K
— — - T
5 -1 0 1 2
M&&n
2++
f'2(1525)
ax(1320)
T D o
-2 -1 0 1 2
I3
M (MeV)
p=
$(1020)
782

-1 0 1 2

Observed by R Jaffe in several works
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Diquark Exofticity

& EN

q=1|q7qllz, s, or, more precisely, ;o = €iikEapr @y V5q™”

with such a notation we would write

= q3<ﬁ3; where 1,2,3 = u,d, s
k = 9°9°, 9'q>, + conj. doubl.
g 9°° +a'q’
V2
D~ 1A
o1 499 —4¢q et
a = ) 5
ao/fo(980) [ds]|us] |us]|us], [sd] [5_] [us] [CZE]
A jy LR
k(700) [ud)[us], [sd)[ud] [ud][ds], [us][ud]
13—t1/2 I3 :1/2
SR ud)[ad
oy
I3=0
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HOW DOES FO DECAY?

‘t Hooft, Isidori, Maiani, Polosa, Riquer, Phys Lett B 2008

The f0(980), [us][u*s*] is known to decay mostly in two pions;
the kaon channel being closed by phase space.

>

LoF 015 oI LG e

<

5 7! 6-fermion interaction
Lo = g2'Tr §0,110"11 gﬁ induced by instantons.

vs. double annihilation } (
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BEST FIT

‘t Hooft, Isidori, Maiani, Polosa, Riquer, Phys Lett B 2008

Why not simply invoking the annihilation of strange quarks!?
Annihilation would mean |-the breaking of diquarks 2-the annihilation of strange quarks.
Instantanton induced interactions proceed directly from the diquarks.
Yet the effective treatment of the problem is at the meson level.

Processes Atn(lgqllqql) An(qq) Aexpt
with inst. | no inst. | best fit | with inst. | no inst.

o— wtnT input input 1.6 input TE R el Wl e O U
kT — K7t et T 3:3 6.0 55 g1
fo—onmtm input [0-1.6] 1.6 input [0-1.6] | 1.4+ 0.6
S S e 0.7 0.4 3.9 6.4 0.4 B Ol
ag — TN 0.7 7.6 T 12.4 11.8 258 =005
e e 4.9 D2 25 4.1 St 2. 164004

This is the first global fit which works.
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QUARKS IN HADRONS

Quarks are the building blocks of matter.
We describe baryons (p,n,...) and mesons (pions, Ks, ...) as aggregations of confined quarks

© i
baryon : €7%qq¢’ ¢ O
O

‘ meson : q cjz- ‘

This is the picture since the first days of the quark model and the discovery of color.
Attraction and repulsion between electric charges is a matter product of signs.
In chromodynamics (color SU(3)) it is more complicated than that (matrix tensor products)

1 [

Y A

T3 1000000000\ 1 k1 IESES i

Y A

J k
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DIQUARKS

The 9x9 matrix obtained can be diagonalized along the Kronecker decomposition

Ri xRy =51+ 59+ ...

For example, in the decomposition of
3x3=1+8

the tensor product of T’s is negative along the singlet component (attraction in the color
neutral channel) and positive along the eight remaining matrix entries (repulsion).
However there is attraction also in the antitriplet ‘channel’ of the decomposition

3x3=3+6

One gluon-exchange suggests that diquarks - qq - states might
be formed as a result of this attraction (lattice confirmation!)
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HADRONS (60s)

Exponentially rising density of
hadron resonances.

e S ‘m—kem/TH e—m/T

N

p(m)

Hadron matter cannot exist
at temperatures T> Tn

No. of Gtates
Iog ( unit mass )

1 /
a emc'/ kT, /
(m2+ m.z)S/‘ /
.
/
/
kT, = 160 MeV s 1996 (4627 states)
b T. = 1.92 x 10'"*K / \
m.c? = 500 MeV //
/
/
/
/
/’ 1967 (1432 States )
1966 (97| States)
1964 (609 States)
5
4N 1 | I | L. . et

2400 (MeV)

800 600
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