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Introduction to charmonium spectroscopy

> Costituent Quark Model & Quark-potential models
> Conventional charmonium

> Charmonium production processes

> Exotic charmonium
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Mesons, Barions and beyond ? - I

» 1964: Gell-Mann & Zweig postulate Constituent Quark Model (CQM) —

Mesons

Baryons

Explained all known mesonic and baryonic states

Predicted others that were subsequently confirmed experimentally

: @ Only colorless

combinations

CQM = Quarks form two types of bound states:

allowed

When the quark model was first postulated in the 1960s it was to organize the states then
known to be in existence in a meaningful way.

I What about other combinations 1n bound states?

No theoretical reason to exclude other types of (colorless) bound quark state

As Quantum Chromodynamics (QCD) developed over the next decade, it became apparent
that there was no fundamental reason why only 3-quark and quark-antiquark combinations
should exist.

In addition it seemed that gluons, the force carrying particles of the strong interaction,
should also form bound states by themselves (glueballs) and with quarks (hybrid hadrons).
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Mesons, Barions and beyond ? - 11
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PHYSICS LETTERS

1 February 1964

Multiquark states have been discussed since the 15" page of the quark model
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If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "‘eightfold way' ~~°/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical '"bootstrap'’ model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from seli-consistency
alone 4). oOf course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

*

&

ber n¢ - ng would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s~, u® and b®
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and haryon number 7.
We then refer to the members u3, d-3, and s-3 of
the triplet as "‘quarks" 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from guarks by using the combinations
(gggh (%gqqq), etc., while mesons are made out
of (qq), (agqgq), etc. It is assuming that the lowest
baryon configuration (ggqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (q q) similarly gives
just 1 and 8.

PHYSICAL REVIEW D VYOLUMWE

5. NUMBER ) I JANUARY 1977

Multiquark hadrons. L. Phenomenology of Q’Q? mesons*

R. ). Jaffe’

Stonford Linear Acceleraror Cexier, Stonford Universivy, Seanford, Colifornio 4505
and Laborasory for Nuclear Serence and Dopariment of Phpsies, Mossachoserss Institute of Jechnclogy, Cambridge, Mossuchuserts U2139
{Rezeived 15 July 1976)

The spectra and domisant decay couplings of Q°Q° mesons are prasented ac calculated in the quark-hag
model. Certzin known 0% mesons [e(T00), 5%,8x] are awssigned to the lightest ayptoesatic ¢°Q 7 nonet. The
usnual quark-model 07 noact (QQ L « 1) must he higher in moss, All other Q°0° mesons are predicted to be

broad. hasvy, ard usslly inelastic in formation processes. Other Q°Q 7 states abich msy be caperimentally

promment are discussed.
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Mesons, Barions and beyond ? - I1I

2> Exotic hadrons are subatomic particles made of quarks (and possibly gluons), but which do
not fit into the usual scheme of hadrons; they were proposed initially by Jaffe.

Exotic hadrons do not have the same quark content as ordinary hadrons: exotic baryons

have more than just the three quarks of ordinary baryons and exotic mesons do not have
one quark and one antiquark like ordinary mesons.

Meson molecule

e
- N,
-

s
,
0
\
'
a *
N N,
\‘\

Loosely bound
Pion exchange @ large distances
Some color exchange @ short distances

Predicted to decay like pair of free mesons
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Tetraquark Quark-gluon hybrid

Tightly bound

Some models group into
diquark-antidiquark pairs

» Extra gluonic degree-of-
freedom

But... until recently, no experimental evidence for any such states
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Charmonium - I

p> 3 Exotic multi-quark states have been long predicted in the light quark sector

e.g. £,(980) and a,(980) candidates for KK molecules

But... Difficult to differentiate from conventional states — 3 light quarks, isospin
symmetry, dense spectrum of predicted mesons.

PA Charmonium (cc ) states have well-predicted conventional spectrum, and distinct
properties:
* Zero charge, zero strangeness

* Constrained decay channels

* Easier to differentiate from exotic states

Exotic charmonium states can be charged (ccud),

strange (ccds ) or both (ccus)

| NPQCD-2015 /21st April 2015 Alexis Pompili (Bari University & INFN) 1/6 |



Charmonium - II

[ Charmonium Mesons
4500 | w4415) Spectrum

..........

w(4160)
b7z

States defined by radial, spin,

orbital, and total angular
momentum quantum numbers

Spectrum well described by QCD g - : Yoy el
quark-potential models / Radial [p -
3000 LN Y excitations | ]

Potential model for cc : 2e(L), 1_'30 s, '» . b Op, ]'D: ;Dl 3132 553
| . |

[Colored flux tube Model] y
V(r)= : .
Quark confinement L=0 =1 L=2
(at large r) . . .
Spin-orbit
n2s+1Lj pin-orbi —I >

Not relativistic n-0
phenomenological excitatidns
bound potential y

This model can include relativistic corrections

(at small r)
[Cornell Model] corresponding to spin-spin, spin-orbit interactions.
Spin-dependent interaction at work in the splitting into multiplets.

Natural spin-parity for quarkonium: 0-*,1--,1*+-,0++,1++,2++,
[forbidden are: 0,1-%,2%,...]
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Charmonium - III

> Open cha_r#!n tl)kr_e*sholds Lowest threshold @ m(DD) ~3730MeV :
(DD, DD, D D) are charmonium states above this mass
important for cc decays decay predominantly to DD

Charmonium states above the open charm thresholds :

- should be large resonances rapidly decaying into charmed mesons pairs
(through a mechanism that implies the creation of a light quark-antiquark pair)

Charmonium states below the open charm thresholds :

- should be narrow resonances slowly decaying into - non-charmed mesons or
- lepton pairs
(through a mechanism that implies the annihilation of a ¢C pair)

are well understood up to the /(3770) agree with predictions of the

2 Charmonium spectrum and properties : Later discoveries [ nc(ZS), hc, X(’;z ]
(i.e. about the DD threshold) quark-potential models
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Conventional Charmonium -1

_ w(2S)
P e y 7] — — = P
wn.@2sy -7 The— T N Lol 1P)
;.‘_‘_'_A // y —__ %,0P) \h(1P) -
hadrons > -7 ,,//f hadrons
/ Xeo(1P) hadrons o~~~ "
7’ hadrons hadrons~” T
N o - 7
/ T e
/ e
-
/ =J/v(18)
.(18) l/ v
Y
hadrons hadrons v radiative
0=+ 1== 0++ 1+ 1+- 2++

Y The experimental spectrum below the open-charm threshold,

consisting in the states 1, n' =1_(2S), J/y, ¥ =y92S), ¥", I, Xeo> Xor> Xoa s
can be perfectly identified with the spectroscopic levels predicted by the

quark-potential models.

The completion of the 2S and 1P multiplets has been reached quite recently:

- 11.(2S) by CLEO, Belle, BaBar in 2002

- h (1P) by CLEO, BES-II in 2004

(see next slide)
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Conventional Charmonium - 1II

4421
P(45) 2005 observation

2032 y(395)

observation 3930
2002 2220 Xe2(2P)
3770 W(1D) 5
I | gt~y - DD - _ _ _ _ __________
( 8 —~W(2'SJ----------- L SEE L CEE ZS & 1P
— 3686 L= 3526 - 3556 Xc271Pr~~ Itiplet
nc(2$~.._z _.-7%0(1}))— _W Xe (IP) P muitiplets
1;-----.. - -
P 3097 2004 observation [ &5?]
g T/ -
\ 2980 / Hyperfine
I ¢ mass

~ e
. TSEEEEEL

splitting
calculation!

averaged
ntroid

¥

P)),...,~m(h)&1MeV

Quark potential model successful below DD threshold: <m(
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Charmonium production processes - 1

» Various processes to produce charmonium(-like) particles @ B-factories :

ITwo—body B decays : B— (CE)KI |Initia1 State Radiation : e'e” — v, (cC)
In factorization limit:
PC —+ q1—— 1++ : © W Vs PC —
JC =011 - Xk g‘ JPC
\’é‘ .
K u
ITwo-photon fusion : yy collisionsl |Double charmonia : e*e” — J/y (CE)l

C=+1;J even (=0,2) Jhy (@)

[Yang's theorem]

PC ++ ~H++
J"=0m,2 N
e
[tipically undetected: 0-tag, or 1-tag]/7

C=+1

J =0 only observed so far

B-factories have run for most of their life on (and off) the Y(4S) resonance;
at the end of their life they took data @ Y(3S), Y(5S) and in scanning mode.
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Charmonium production processes - 11

> BEPC is an easily tunable ¢’¢” machine operating at lower energies than
B-factories and running @ specific charmonium resonances and nearby.
Initially started as Charmonium factory and lately has even become an
Y(4260) factory (the first exotic resonance factory!)

[but also @ Y(4360), y(3770)] b .
! M/’I

=

et —35> Y4260 <% et
o 8
\/\/\;[-

>» Two main production processes @ Hadron Machines (LHC, Tevatron) :
1) Prompt (inclusive): pp(pp) —=(cc)+X
2) b-jets (exclusive B-decays):B—(cc)+ X
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Exotic Charmonium -1

> In the last 12 years about 30 states have been observed while decaying to
conventional charmonium in spite of being above the open-charm threshold.

They are inconsistent with expected charmonium spectrum:

3> mass values do not fit the levels calculated by quark-potential models
(even if threshold effect might deform the spectrum)

> widths surprisingly narrow

3 many experimental decay rates do not agree with those expected

> After the X(3872) observation in 2003, many unexpected states observed either
at B-factories and/or at Hadron-machines:

- 3 states of equal mass that differ for quantum numbers: X(3940),Y(3940), Z(3940)

- 2 states with C-parity = +1 : Y(4140) and X(4350)

- a family of vector states (Y states with J°P¢=1-): Y(4260), Y(4350), Y(4660)/Y(4630)
- a set of charged states: Z(4430)*, Z,(4050)*, Z,(4250)*, and in 2013 the Z2(3900)*

Few of these states subsequently adopted into exististing ¢C scheme,
but the great majority of them still remain a mistery
(for many of them ... quantum numbers are not experimentally established).
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XYZ charmonium-like mesons ... at a glance -1

B-meson decays
I "':A
o
o T K('l
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XO872) [ pene | Y(3940)
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Figure
borrowed
by S.L.Olsen
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XYZ charmonium-like mesons ... at a glance - II

Charmonium spectrum & |
charmonium-like states :

Mass (GeVi/c?)

Established cZ states

3.2 Predicted, undiscovered
I—‘ -
0—& l_ 14- OH I++ zH
€
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XYZ charmonium-like mesons ... at a glance - III

State M (MeV) T (MeV) J PC " Process (decay mode) Experiment
™ X(3872) 3871.68+0.17 < 1.2 1"t B K+ (J/Yntn) Belle [82, 89] , BaBar [85], LHCb [90]
pp— (J/hatn™) + ... CDF [83, 91, 92, 125], DO [84]
B— K+ (J/¢Yntn 7% Belle [94] , BaBar [59]
B — K + (D°D°z°) Belle [95] , BaBar [96]
B — K + (J/¥7) BaBar [126], Belle [127] , LHCb [128]
B— K+ ¥'y) BaBar [126], Belle [127] , LHCb [128]
p— (J/orta™) + .. LHCb [86], CMS [87]
X(3915) 3917.4+27 28710 0"t B— K+ (J/ypw) Belle [58] , BaBar [59]
ete” s ete” + (J/z_l) w) Belle [60] , BaBar [61]
xe2(2P) 39272426 2446 21t ete” — ete” +(DD) Belle [64] , BaBar [65]
X (3940) 394219 37027 0(2)"DF ete” — J/b+ (D*D) Belle [27]
Neutral ete” = J/b+ (--) Belle [26]
G(3900) 3043 +21 52411 17~  efe” -~y +(DD) BaBar [129], Belle [130]
Y (4008) 40081120 226497 17 efem sy + (J/Umtr) Belle [32]
Y (4140) 414443 1749 7" B K+(J/ve) CDF [74, 75], CMS [77]
X (4160) 4156122 1391113 0(7)=(D+ etem — J/4p + (D*D) Belle [27]
Y (4260) 426315 95414 177 efe s y+(JrtaT) BaBar [30, 131], CLEO [132] , Belle [32]
ete” = (J/YntnT) CLEO [133]
ete” — (J/p m°n°) CLEO [133]
Y (4274) 429246 34+16 7Y B K+ (J/Ye) CDF [75], CMS [77]
X (4350) 4350.672%  13.3%152  0/2tF efem = ete (J/09) Belle [81]
Y (4360) 4361 + 13 74+18 17 ete s y+ @ ntn) BaBar [31], Belle [33]
X (4630) 46341 9 92735 177 efe” =y (ATAD) Belle [134]
. Y (4660) 4664+12 48415 177 efe w4+ @ 7ntn7) Belle [33]
™ Z.:(3900) 3800+3 33+10 17 Y(4260) w7 + (J/o7T) BESIII [39], Belle [40]
Y (4260) — n~ + (DD*)* BESIII [56]
ZF(4020)  4024+2  10+3 1(7)F7 Y(4260) = 7 + (hen") N BESIII [41]
Y (4260) — m~ + (D*D*) BESIII [42]
Charged ZF(4050)  4051%2% 82751 B LK 4 (xan') Belle [43], BaBar [53]
Zt(4200) 4196135 370195, 1j- B— K+ (J/ynt) Belle [51]
Z5(4250) 42487152 177P2) "t B K+ (xarh) Belle [43], BaBar [53]
Z1(4430)  44774+20 181431 1Y B K+ (W' 7t Belle [44, 46, 47], LHCb [48]

B— K+ (Jirt)

Belle [51]
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Exotic Charmonium - II

The decay modes of the ¢¢ mesons listed in Tables I

and II are of four kinds:

(1) a hadronic decay into a pair of charm mesons,
such as DD, or a pair of charm baryons, such as
AZAL,

(11) a hadronic transition to a lighter ¢¢ meson through
the emission of light hadrons, such as a single vector
meson @ or ¢, a single pion, or a pair of pions,

(111) an electromagnetic transition to a lighter ¢¢ meson
through the emission of a photon,

(iv) an electromagnetic annihilation “decay mode”
(e*e™) or (yy), in which the parentheses indicate
that it has actually been observed as a production
channel. They provide strong constraints on the J*¢
quantum numbers: (e*e”) requires 17~ and (yy)
requires either 0" or 277,

from Brateen et al., PRD 90 (2014) 014044
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Exotic Charmonium - III

» Proliferation of ‘charmonium-like’ resonances presents challenges

* Too many states for charmonium spectrum, & disagreement with predicted masses,
widths, decay rates

Can be threshold effects, interference (of known and as-yet-unknown states),
experimental effects (reflections, acceptance effects...)

Some states in experimental limbo — seen by some, not by others

(see next slide)
Multiple possible models for most states (cc, molecule, tetraquark, hybrid)

Even the X(3872) 1s not understood, ten years after discovery, with quantum numbers
confirmed, and with many thousand events seen by multiple experiments

2 | To identify the exotics:

- measure JPC that is forbidden for charmonium

- observe a narrow width above cc threshold

- observe cc -like states with charged and/or strangeness

To further explore them:

- reconstruct as many decay modes as possible (radiative, ...)
for these states

- measure BF ratios
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Exotic Charmonium - IV

2> To explain their nature ... alternative models have been introduced:

(1) conventional quarkonium, which consists of a color-

singlet heavy quark-antiquark pair: (QQ),, ~ g
(1) quarkonium hybrid meson, which consists of a Hybrids :

color-octet QQ pair to which a gluonic excitation bound states of quarks and gluons

is bound: (QQ0)s + g, (i.e. charmonium + excited gluons)

(iii) compact tetraquark [8], which consists of a QQ pair Tetraquarks : s
and a light quark g and antiquark g bound by | bound states made of a diquark-| {
interquark potentials into a color singlet: (Q0Qgg),, | antidiquark pair (charged and ‘

(iv) meson molecule [9], which consists of color-singlet | doubly charged states foreseen)
Qg and Qg mesons bound by hadronic inter-

Hadron molecules :

actions: (Qg), + (QQ)lg _ weakly bound states formed /=
(v) diquarkonium [10], which consists of a color-anti- by 2 (or more) hadrons

triplet Qg diquark and a color-triplet Q g diquark
bound by the QCD color force: (Qq); + (Q G)3,
(vi) hadroquarkonium [11], which consists of a color- | Hadro-charmonium :

singlet Q0 pair to which a color-singlet light-quark | binding a compact charmonium
pairis bound by residual QCD forces: (QQ); + (¢3);- | state inside an excited state of
An essentially equivalent model is aquarkoniumanda | light hadronic matter (QCD analog

light meson bound by hadronic interactions. of the Van der Waals force) —
(vil) quarkonium adjoint meson [12], which consists of a A .’i )
color-octet QQ pair to which a light quark-antiquark L oy
S

pair is bound: (QQ)s + (93)s- [ from Brateen et al., PRD 90 (2014) 014044

» Non-resonant kinematic effect (in proximity to thresholds) - CUSP
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4-quarks systems

> So far we have discussed how ... many of these states have a minimal quark content
of 4 quark, and regardless the way they are organized and interacting [compact
system or molecular system? if compact: diquark-antidiquark or quark-antiquark
pairs?] they can be considered 4-valence quarks bound systems. For istance:

Y(3872) ccuu

Y(4140) CCSS

Z2(4430)* — 7 Z.(10610)* 1.7
223900§+ ccud Zz§10650;+ bbud

| NPQCD-2015 /21st April 2015 Alexis Pompili (Bari University & INFN) 1/20 |




Part - 1 : 4-quarks systems

» a) Charmonium-like exotics (1.neutral, 2. charged)

> b) Bottomonium-like exotics
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Part - 1 / 4-quarks systems :
al) Neutral charmonium-like exotics
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Xe2(3°P2) |

X(3872)

36 @Sy

34

32
30

4.4 |- rlc(41sn) lll(43$1)

42 |-
o~
% 4.0 | [ndaisy | LES)
S,

Mo+Mp+
B 38
2 > [v7(15Dy)]
2 2MD -----

)

|Xc1(13P1)

established cc states

predicted, undiscovered

0+ 1= 1+
JPC

0++ 1 +4 2++
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Discovery of X(3872)

> First exotic state discovered (2003) by [1]1 jin B— KX (3872)— K(J/I/J 7' ) decays:

B’ — KJX(3872)

B — K*X(3872) |

X(3872) sits on DD threshold
and is narrow:

so—

PR
N b 0 0 0 N b 0
AR R EEEE RN EEEEEEEERREEEE

Events /{ 0004 GeV |

FJ/’I/JJ‘L’JT < 2 3M€V@ 90% C L {B T \200
B(B+ — K+X) X B(X - ‘]/w]t '77:_) ~8.5" 10_6 33sM(J/:*\l:;s"") (3Gfsev) ==

» Quickly confirmed by *[31, Y 14

with inclusive pp collisions (and, later, by ¢ ; [21): ot opo W8 100 120
. Run Il --- CDF Preliminary ~220 pb; B— KI/}(ZS) - K(]/’l/) .7'17+.7'L'_)
§> 25004 3678 + 99 y(28) M(Z‘IUI)>500 MeVic . t I . I
% ZAasstsfggg étgt.)os M(z:/altc)zMeVlc pp —> X(3 872) + other control sigha
g 2007 704+ 67 Candidates ]

@ Mass: 38714 +0.7 (stat) MeV/c™
2 1500 o (Figgdl 4.3 MeVic”
51000 . -
g Mainly prompt production
z 50 (only ~16% from B’s)
il

G5 7 375 38 38 39 3% 4
Mass of J/ "7 Candidates [GeVic ]

pp — Y(2S)+ other [1] Belle, PRL 91, 262001 (2003) [3] CDF, PRL 93, 072001 (2004)
[2] BaBar, PRD 71, 071103 (2005) [4] DO, PRL 93, 162002 (2004)
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Rediscovery of X(3872)

2> And recently “rediscovered” @ LHC (% (2012)[51,““;S (2013)[61);

A10° [6] CMS JHEP 04 154
" OMS Ns=7TeV 1 [5] LHCb, EPJ 72, 1972

1001,

_>| ~560 candidates

CMS 10<p < 50 GeV &d:lae’b
<12 —total fit
---background
80 —_ i

- sig

Candidates / 5 MeV

Events /2 MeV/c?

opposite sign

L =3471,,,)- <— same sign pions

T SN R TR

\ m(Jy ') [GeV] 3’°° WM(J/v - xme\”czl

y(2S) control signal

After 12 years ...

...its nature still unkown : Tetraquark'? Diquark-diantiquark (@
Conventional charmonium? .

Molecule? =

D°-D® “molecule”
Anyway a lot of information has been derived experimentally in 12 years,
with the most recent (2013) result being the LHCb determination of JPC,

» There are 3 main directions to undercover its nature:
1) Mass measurement
2) Cross section measurement
3) Decays’ analysis (JP€)
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L» X(3872) mass measurement - I

(2006)[1] & “?3? (2008)(2] ) _ [1]: Bel:le, P:RL 97, 162_002 (20(?6)
observed the decay ;:30 ?5 =
= I [
X(3872) — DD — D°(D°7°) g20 s1of
¥ | 2
and their mass measurements 210! S 5]
are very consistent but~3Mev/c* 2 | u>.1
above the mass measured in 00 00255 0051 00765
the J/T,U 7'z~ decay mode. M(D°D°n°)—2M(D°)—M(n)GeV/c AE (GeV)
e!:Zil.SBaBa'r,' !’RD 77, '011102(R) (2008)
¥|(2008): width T, =(3.027£09)MeV < 247 g
.%_: 10_— ‘-
5 s _
This shift faded out more recently with 8 o
latest ‘s measurement (2010)[3], . l"[[[”“ I
2 | [t E
dlscardlng the idea that there could be R LI T S |
2 different states with two different D"’ Invariant Mass (GeVi/c?)

decay modes [X(3872) & X(3875)].

The D°D” is the favourite over J/yr'n B(X(3872) > D'D") 16758
by almost 1 order of magnitude: B(X(3872)—>J/y x'x”)]
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X(3872) mass measurement - I1

2YIn molecular state hypothesis (loosely bound D’D™)
the mass should be below the mass of the D°D “threshold.

Precise mass measurement would tell us what fraction of X
lineshape (determined by E;;;””) would lie below/above DD
threshold;

Candidaes per2.5 MeVi?

EX(3872) = m(DOD*0 ) - Wl(X) = 2m(D0 ) + Am(D*0 - DO) - m(X)

binding

Mass average with inclusive J/IIJE+JT_finaI state is dominated 4
by the * [31 most precise single measurement : a7 e A s as; 4w

Jhyrn Mass (GeV/c?)
3871.61+0.16x0.19MeV

| |
Recent [{{&& result 5] is less precise: 3871.95:048+0.12MeV __ L | | Y218
(by 2010 data; the update should be better with 2011 data). -, . |y
~~~~~~ [2]1B°
~~~~~~ 8 D&
~~~~~~~~~ B
With this result new average is: 3871.66+0.18MeV ... | ™ B =
Y ‘N
ey
[1] DO, PRL 93, 162002 (2004) : 0 o, B
[2] BaBar, PRD77,111101 (2008) m(D")+m(D ") T
[3] CDF, PRL 103, 152001 (2009)

s daaa s L e g oo e o oo o Lo s Lo s ool o s
[4] Belle, PRD 84, 052004 (2011) 3867 3868 3869 3870 3871 3872 3873 3874
[5] LHCb, EP] C72, 1972 (2012) X(3872) mass [MeV/c?]
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X(3872) mass measurement - IIl

‘<mH/W> (3871.66£0.18)MeV VS m(D")+m(D"")=3871.94x033MeV/c’ (PoG2008)

-  —
M 2 C 042 0 18+0. 3§?MeV [ below threshold ]

039 Cl@
[ Molecular model still possible} g
&

[but very loosely bound molecule !]

0

-

This limits the hypothetical binding energy to E°V> <1MeV .

binding
Using PDG2012 averages (and high precision on Am exp. estimation):

EXS = m(D°D™)=m(X)=2m(D°)+ Am(D™ = D°) - m(X) =(0.16 £0.32)MeV

binding

This limit doesn’t foreclose the possibility for the X(3872) to be above threshold:
relevant fraction of X lineshape will lie above.

Precise mass measurement of X(3872) and D% needed [1] LHCD, JHEP 06,

Recent% m(D?) result!!] provided new PDG average & E "7 =(0.09+0.28)MeV

binding

This vanishingly small binding energy (~100keV) leads to a radius of ~14fm
(3 times as large as the deuteron)
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X(3872) production @QLHC

» Measurements of the prompt production rate at the LHC as a function of p;
provides a test of the NRQCD factorization approach to X(3872) production;
CMS does @ central rapidities, kinematic region complementary to that of LHCb

x10°
. . . > T T T T [ T T T I T T T I T T T LI
Differential xsection for prompt prod. 2 100f% o s CMS \5=7TeV 1
. H <p < e #+dat 4
measured using J/y x*n decaysand 2 ‘ s “pae .,
. . . @O 80 | — signal —
assuming unpolarized X(3872) with g 1 P B
PC—1++ . o = i g ]
JP¢=1** (later confirmed by LHCb) T 6o | R 1]
8 C ] § s n 1 ]
40 l'i P ]
© 375 38 385 39 395 4 |
C midky =) [GeV] |
L 11910 candidates
3| I A |
6

3.8 3.9I III 4
m(Jp ') [GeV]

w
\‘
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X(3872) production @QLHC

» Measurements of the prompt production rate at the LHC as a function of p; ‘U-L=_"_f|_ll l“
provides a test of the NRQCD factorization approach to X(3872) production; = 'ﬁ:\Jﬂ: !
CMS does @ central rapidities, kinematic region complementary to that of LHCb ‘“-F = Il .] m

\ —X1IOJI T | T T T T -
H . . "cme Ns=7TeV -

>
[ [JHEP 1304 (2013) 154] Differential xsection for prompt prod. 2 100f% onn cmoaey  Loasm
J— LA B AL S o AL MR AL AL . H <p < e #+data -
z B ' ous V‘jTeV E measured using J/y x*n decaysand 2 ‘ <12 —f‘,’;:?}(;"‘,ound
O] r L=481 3 . ) . » 80+ — signal -]
2 <12 X assuming unpolarized X(3872) with s H 2 W -]
— _ - . o L 2 i
> i ‘... —LO NAQGD uncertsinty - JP€=1** (later confirmed by LHCb) T 60 | g \j\ ]
- R T - F 12 1 7
= = O - -
g 10 } E 40 'T g o A :
gé‘ C ] . . L 375 38 385 ?Jz ggslGVl‘ |
%g N NRQCD predictions rather exceed 20 e ]
s - the measured value, while p, - 1910 candidates ]
10°F 'E . . ORI AR TP VU SN TP AP PO (RN TR TP S P PN PR PR TP
|50 i - dependence is reasonably described 36 37 338 3.9 )
- . . . N m(JAp nw) [GeV]
10 15 20 25 30 - _
p_(Jy n* ) [GeV] | Integrating over p; (10-30GeV) [and [y[<1.2] get the
Predictions by Artoisenet & Brateen integrated cross section times the branching fraction:
[PRD 81,(2010),114018] Wlth Ca|Cu|a1.'I0nS G;?;rggé) X B(X(3872) — J/,l/} .7-[+.7T_) = (1 .06 iO.l 1 iO.lS)nb
normalized using Tevatron results,
modified by the authors to match the Comparing vs NRQCD prediction =(4.01x0.88)nb : difference >30
\Phase-space of the CMS measurement ) [LHCb gets a difference ~2.40 in its kinematic region]

>
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X(3872) production @QLHC

» Measurements of the prompt production rate at the LHC as a function of p;

LS

Il
: . ) T Ill
provides a test of the NRQCD factorization approach to X(3872) production; :}C |
R N 'WF iy, | m
CMS does @ central rapidities, kinematic region complementary to that of LHCb ] ,
s N o | .
[JHEP 1304 (2013) 154] Differential xsection for prompt prod. 2 100f% o e | oMS \E=7Te |
— v P e . H <p, <50GeV  4qata ]
% 1EX OMS VE=7To 3 measured using J/y 7’7 decaysand 2 oF | <12 :z%g“,:;’?“"" :
S <12 ’ assuming unpolarized X(3872) with = “ - -]
—_ — 7 . o - = _
=@ b\, L0 NRGED uncarsiny 1 JPC=1** (later confirmed by LHCb) g eof | g \/\ ]
1%1015_ i 3 ° 40 T g:o | _
ggj : NRQCD predictions rather exceed 20) e
el ] - the measured value, while p; - 11910 cand?dates ]
10°F e . . AT | N T W T
2 i ; dependence is reasonably described 36 37 38 39 4
- , o m(Jhp w*x) [GeV]
10 15 20 25 _
p_(Jy n* ) [GeV] | Integrating over p; (10-30GeV) [and [y[<1.2] get the

Predictions by Artoisenet & Brateen

[PRD 81,(2010),114018] with calculations
normalized using Tevatron results,
modified by the authors to match the
Qhase—space of the CMS measurement/

2 Further results: » Dipion invariant mass consistent with intermediate p

» Total xsection largely dominated by prompt production (~75%)

» Non-prompt fraction (=0.263+0.028 ) independent on p;

integrated cross section times the branching fraction:
ol x B(X(3872) = J [y a'a ") = (1.06£0.110.15)nb

Comparing vs NRQCD prediction =(4.01+0.88)nb : difference >30
[LHCb gets a difference ~2.40 in its kinematic region]

u"’ J/‘lf
primary seconda “'
vertex L v;; €

i nt
T
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X(3872) decays & J°€ -1

>» Possible hypotheses for the nature of X(3872):

» Close proximity to D’D™ threshold > loosely bound molecular state

@ mass value is crucial but not enough experimental sensitivity so far

@ molecular state is compatible with J*“ =07, 1™

J’€ =27 would make impossible a pure 1_)0*%)*0 molecule that
> would have a P-wave between the D" & D" mesons.

» Experimental determination of quantum numbers is crucial !
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X(3872) decays & J°€ -1

>» Possible hypotheses for the nature of X(3872):

» Close proximity to D’D™ threshold > loosely bound molecular state

@ mass value is crucial but not enough experimental sensitivity so far

@ molecular state is compatible with J*“ =07, 1™

» tetraquark

v

J’€ =27 would make impossible a pure 1_)0*%)*0 molecule that
would have a P-wave between the D" & D" mesons.

(2005) searched, with no result, for a charged partner state

X*—J/y p"—=J/y (7" n°) suggested by the 4-quark interpretation;

no charged equivalent (D*D*?) observed!

@ favoured JC assignement would be J7¢ =1**

>

=

Experimental determination of quantum numbers is crucial !
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X(3872) decays & J°€ -1

>» Possible hypotheses for the nature of X(3872):

» Close proximity to D’D™ threshold > loosely bound molecular state

@ mass value is crucial but not enough experimental sensitivity so far

@ molecular state is compatible with J*“ =07, 1™

J’€ =27 would make impossible a pure DOD0 molecule that
would have a P-wave between the D' & D" mesons.

» tetraquark

) @ﬁ” (2005) searched, with no result, for a charged partner state
X*—J/y p"—=J/y (7" n°) suggested by the 4-quark interpretation;
no charged equivalent (D*D*?) observed!

@ favoured JC assignement would be J7¢ =1**

» conventional charmonium : assignements would be X61(23Pl) or ncz(llDz)

@ J°C would be respectively J™ =1*, 27 e —

i taking into account kinematical suppression i
i it is still strong ~25% [Suzuki], while usual sizes !

® cc— pj/w maXIma”y VIOIateS ISOSpIn E of isospin symmetry breaking is at most a few %

@ |somehow ruled out by the fact that R
should be a pure isoscalar state; B(X = JIyg 'n x’ D
X(3872) shows an equal amount BX = J 1 ATy 10£04+03 >

of isospin components (I=0 & [=1):

|:> Experimental determination of quantum numbers is crucial !
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> X(3872) decays & JP¢ - II

42009

D X(3872)—=J — cC = (=) = —
( I @ _:>|1CX=+1-forX J/y an: C, =(-1) I=SN

X(3872) =y y seen |%{2009

=D[S=0—>0dd L(=1,3,..)]

X(3872) =" y not seen (U.L.) 2009 I:> consistent witha p’(17)—= 7"

2 | Indeed... di-pion mass spectrum consistent with an intermediate P’ —=atn

This has been observed by many experiments: = . 2007

#C-parity is positive !

D B(BE - X(3872)K*) x B(X (3872) — J/iprtn™)

= (8.4 + 1.5(stat) + 0.7(syst)) x 1078 v 2008

M4
E* Psi0cev CMS \5=7TeV

" 1/o doldm,, [GeV]

b i
po vl by v by T bayay
5 055 06 065 07 075 08
m(x*r) [GeV]

. BX(3872) = Jfdy) -,
= (03£0.0)
B(B* — X (3872)K*) x B(X(3872) — J/1) = (2.8+ 0.8(stat) £0.1(syst)) x 10°¢ |74+ 2009 B(X(3872) = J[pmt7™)
unexplainable assuming it is the conventional charmonium state 11D,(2"+)
Alexis Pompili (Bari University & INFN) 1/31 |
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X(3872) decays & JPC¢ - III

>

» [3]1(2011) wasn’t able to discriminate between 1++ & 2-*

p>

>

Detailed angular analysis [§811(2007); method of helicity amplitudes]
definitely favours j” - 1*, 2~ assignments both decaying via J/y o’
(they favour the vector di-pion, in S-wave or P-wave with the j/vy).

% [21(2010) suggested 2-+ to explain the newly ob-
served decay mode via J/yw(~equal rate with J/y p’):
J/y(nrn’) system in P-wave & L=1—P

l-ivenlsflo Mer 3

2t favoured (CL~62%), 1** not ruled out (CL~7%)

This was obtained extending the previous analysis of the
observation of Y(3940) in B” —J/y a*x n’ K™ decays.

Events/10 MeVic?

D
searched unsuccessfully for X(3872) in yy fusion:
it would have implied J=2 (because J even).

400

200

PHYSICAL REVIEW D 82, 01 1101(R) (2010)

400

200

0.

B eJ/z,u a)K

- FIN B T—1
- (b) 3 * bua

e
@ — Y13 Na:

H e

t

B’ —=J/y oK’

4 412 44 46
My (GeVIc)

[1] CDF, PRL 98, 132002 (2007)

48

[2] BaBar, PRD 82, 011101 (2010)
[3] Belle, PRD 84, 052004 (2011)

:[>Unambiguous experimental discrimination between 1++ & 2-+

(being only

1+* the “exotic” option) crucial; it has been provided by LHCb in 2013/5 !
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X(3872) : J°€ by Full Amplitude Analysis - 1

ﬁ’ﬁ% made a sophisticated angular analysis of the whole B+ decay chain )B+ — X(3872) K~
in order to unambiguously determine the quantum numbers to be J°¢=1++ L. Iy mtn

L. =1/b"'(2011) @ /s =7TeV

; B " 1
= 1200 200p ¥(29) ﬂ J7of X(3872) ]
B"—=yQ2SHK" 5t |od N B* — X(3872)K"
neae P €
N, =5642x76 8 800 | jg N, =313226
5 800 600F ‘
0,,=(399:005)MeV] & *F 20 .
[ ]g 600 400 150 </L|near Bkg
5 - 200f ! j - :
w(2S) control signal £ 400f- ik —— Sym.-CB Signal
—t—> || ° 0==753 . o :
200F- LHCDb E 68% signal purity
- JL . in #2.5-0,, region
600 B0 00012007400 [GAmE(5'5iO'5)MeV]

[PRL 110 (2013) 222001 ] M@/ -MU) MeV]

The full angular analysis of the whole B+ decay chain is performed in 5D considering
all angular correlations [see next slide for the definition of 6 angles].

CDF analysis was 3D [X(3872) reconstructed inclusively]

The angular correlations carry information about the J°€ of the X(3872).

Compared with previous analysis, the measurement benefits from larger statistics.
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> X(3872) : J°¢ by Full Amplitude Analysis - II

Definiti £6 I 3 helicity angles 3 angles between decay planes
e _II1I ion o ) anguiar o 0 b
variables (5 independent): » X(3872) P
T
)
P K Xl.?NTZ)} R Oxasn) '
5D angular space : - l T | 1y
Jp(18S) !
Q = (cos?,,cos?_,cos?,, ,Ag, A B . < | Byigis) y P
( b7 J/w ¢X,JT.71,' ¢X,|J/1,U) ) o_‘OJCm(IS) ¢.\4‘3h’72)'¢13-p(|51 X(3872)

5D angular efficiency

Define PDF in 5D angular space : P(Q | JX) o ‘M QlJ, ‘2 '8(9),/
decay matrix element

Note: CDF analysis was 3D [X(3872) reco. inclusively: prompt prod. 2unknown polarization]
and the 3 angles were: 9,

[y Jm’A¢J/wmr ¢J/1p Qbm

Angular correlations obtained [PRL 98, 132002 (2007)] using the helicity formalism :

‘M(Q | Jx )‘2 = E E A/l,/w,x,m °D0 s py=Pen (¢X’ﬂX’ ¢X) )L 0 (¢m’ o>~ P n).D/llj/w,Allﬂ (¢J/w’ﬂ1/w’_¢1/w)

Ady==141{A;/ Agr=—1,0,+1

2

with.. A4, .A_ : particles’ helicities ; D;JM2 : Wigner functions ;

40 - Delicity couplings (in terms of LS couplings, Bys); L=L(J/y,an),S=S,,+S,.
Energy release is small > seJ=1:L . =0= §S=1 - 0 free parameters
- lowest L dominates: seJ=2:L, =1= S=12 > 1 complex free parameter:
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>

X(3872) : J°€ by Full Amplitude Analysis - III

Discriminant construction (with background subtraction by sPlot technique) :

Likelihood ratio test :

By definiton : <|:

t>0 implies 1** favoured
t<0 implies 2-+ favoured

Le"]
" zxr”)]" 22",

lA’ lPG?JZ”}a

max )

"1

PQ I1™)

a,... maximizes

L(2™)

sWeights

Compare results to simulated experiments

for both hypotheses :

tdata = 99

observed

1++ p-value
is high (34%)

<

Number of experiments / bin

107

41“ favoured over 2-* @ 8.40

* Simulated J/°=2"

Gaussian fit

" LHCb

4 Simulated J*°=1"

A
A
A
A
A
A
A
A
A
A

A

4
ad

-200 -100

100 200
t=-2In[ L(2")YL(17) ]

This favours an exotic interpretation

1++ consistent with molecule, 4-quark, mixture molecule-

Additional test

XCI(ZSR)

50 t
icosﬁml >0.6 )

40 ]

: 4 ]

Separation

increases ! .} | N

1D projection onto cosOy

(Background subtracted)

< 120 T
o LHCb 1
~ all candidates ]
« 100 -
2 o
s F ]
B a1 E
c 3 e 1
§ sof= |
S F 1T =l s
g C_ .............. ]
4 —
E —a— Data ]
3 -
Z [ — Simulated J"°=1"* ]

"""" Simulated JS°=2"
1 Lo L

= LS T

1(:5- LI ;

O

r 1 1 -

1
0s 1

cosy

Importance of angular correlations !
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X(3872) : J°¢ by Full Amplitude Analysis - IV

LHCb presented @ MoriondQCD-2015 [1]1 3 re-
analysis of the quantum numbers of X(3872)[2],
Previous analysis assumed the lowest possible
orbital angular momentum (L) in the X(3872)
sub-decay within B* — X(3872)K* = (J/y n*n )K" .
Significant L>L,;, can a) invalidate the previous
assignment, b) hint a molecular structure.

low p of decay products [small Q-value]

Standard
charmonium

LHCH Heavy Quark Spectroscopy at LHCb; Moriond QCD 2015 T.Skwarnicki 7/
Determination of X(3872) JPC: formalism

DS, o(80x.,60,,0)" x DY ax, (Bbx.ap,00,0) |

S » L S
A = Ap 0 A=A,

Px = Py P, (-1)* = (-1)*

Jx )
A = Ap

_ e Ty
-'L\J/x e T z[_: Z BI"\. x ( /\‘//,‘. -/\,,

BI..\'

o, 7
A . X.p .

B+—X(3872)K+, SN " x P - 5 independent angles
X(3872) > Jiy we, A - / = describing the decay in
Jyoup " P R . helicity formalism

AP 1y ‘
M@ = Y| Axygrp X DX 22,(0,0x,0)7 Matrix element
Ady=—1,+1 Asjw Ap=—1,0,41

Relation of the
helicity couplings
to LS amplitudes

Parity conservation

JPC all L minimal L
—n
LHCb 2015 0 Bu Bu CDF 2007

0 Buo, Bxz By
1=*  Big, By, Byy, By, Byy. By,. By,
1** B, Ba. By Bn

Many more 27" B, B, B3, By B, Biz LHCb 2013

Y . 2%+ Buoa, By, Ba1, B, Bia| | Boe

amplitudes to fit 3+ Biy. By, Bsy, Bas. Beal | Bua
-'i'i g-u-gzz- 2”‘ gu gugzz LS amplitudes to
1~ 31, D32, D51, Doz 31, D32 H
{** By Bw By, By By B be determined

from the data

Molecule
[1] LHCb-PAPER-2015-015

[2] PRL 110 (2013) 222001

Data (3fb1) strongly

prefer 1+* hypothesis

(more than a confir-
mation: here no
assumption about L)!

D-wave fraction in the
decay X(3872)—=J/y p°
for JP€=1++ results to be
consistent with zero.

No hints for a large size
of X(3872) from this
L-study.
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X(3872) from radiative decays

» Pure molecular model (still possible with a positive E;; > =m(D’D”)-m(X)=(0.09+0.28MeV))
is not supported by recent measurement by%% of X(3872) = ¢/ yin B* = X(3872)K* — (¢ )K"

- F [NPB 886 (2014) 665]
; 30 X(3872)_>W(28)Y + Peaking BKG (from B* — ' K*" )
s [ 440
£ LHCb Combinatorial BKG
S P
- ] , b . a| (2009)
AR i I (2011) E
Mg 25) GeV /7
B(X(3872) 11)(28) ) > % Barnes et al.(2005), Li et al.(2009)
— Y ___________ . .
Ryy = =246 £0.64 £ 0.29( Pred|ction for pure CC state
B(X(3872) — !]/1.') Y) 0005000700000 00 % 000 000 0% e 0 et e teto teto tetoteto tetetete tetetete ta % e % te % et e tetetetetetotetotetetetets
__,,———"7 Prediction for{admixture of cC + D°D™
PredICtlon for pure EOD*O mOIeCUIe b= [/ e EiChteT et aI.(2006), Badalin et aI.(ZOlZ)
Swanson et al.(2004), Dong et al.(2011), Ferretti et al.(2014) S T T e I
RU’V

Alternatively to the tetraquark option (cc uu), the X(3872) may have a significative
x.,(2°P.,) component [see Karliner&Rosner, PRD91 (2015) 014014]: D°D" +cE[ Xd(zﬁq)]
(mixed wave-functions)
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4.4

»
o

Mo+Mp*

w
o

1" states & Y(4260)

MASS [GeV/c?]

2Mp

3.6

3.4

3.2

3.0

w(@S,) |

~ | Ne(4'Sop

Y(4360)

Y(4260)

he(3'P4) I

Y(2°Dy)

Y(3%S1)

Xe2(3°P2) I

«1(3°P4)

B [w"(12Dy)|

P'(2°S1)

| Ne'(2'So) |

|Xc‘(13P1)

established cc states

predicted, undiscovered
h
0—+ 1 e 1 +- 0++ 1 +4 2++
JPC
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The 1~ family & Y(4260) - 1

. Y(4660) «
Y(4360) 222 Y(45) \"’\-.., Ne
L [ S ...
E]YH%O) — EZ'B;""““:::q states in ISR processes :
Ey@oos) —_— Y33)___.~ 3930 e'e” =>y,.Y
CZ(ZP)_ y
3770 ll)(lD) e ISR _
------------------ WSy~ DD - *x/
cc ™
h, e— ~\w
e+
Exotic since all the
" cc states near

their masses have
already been
assigned!

2005 : e"e” —> 1,5 (4260) =y, (J/tp T77) 2007 : €"e” —>y,5Y (4008) =y, (J/9p "7

2007 : €' > y,,Y (4360) = y,5 (Y(2S)m' ™) 2007 : €™ > y,5,Y (4660) =y, (W(28) 77"
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The 1~ family & Y(4260) - 11

B-factories can investigate a large range of masses for 1-- particles produced in ete-
annihilation by looking ISR radiation bringing the center-of-mass energy to the

particle’s mass. The Y(4260) was discovered by in 2005, confirmed by@ :

[PRL 99 (2007) 182004]

o
T
I

Y(4260)™>" e _
8 |y (4660)
4008)— E LN
reons) RIS s (4360)
Y 15 g 55 4 45 55
m(J /[y nm)[GeV] m(wm)[GeV]

» Discriminantion between conventional/exotic is related to relative
rates between decays into charmonium and two open charm mesons!
{B .v(2007) found no evidence of Yy — D”D" decays in ISR events.

» These states are hybrid candidates

(1-- at ~4.2GeV is expected by LatQCD), or
molecules [ DD,(2420) , x.p , x.® ] or 4quark.
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The 1~ family & Y(4260) - 11

B-factories can investigate a large range of masses for 1-- particles produced in ete-

annihilation by looking ISR radiation bringing the center-of-mass energy to the

particle’s mass. The Y(4260) was discovered by in 2005, confirmed by~

. [PRL 99 (2007) 182004]

o
1

Y (4260)

Y (4660)

Entries/25 MeV/c?
(=}

Y (4008)

Y (4360)

L H 2 yeel ‘a-ll-‘-‘.-‘--. Y PP R T mPEEEET
o4 4.5 8.5

m(]/t/}mt)[GeV] m(qum)[GeV]
» Discriminantion between conventional/exotic is related to relative

rates between decays into charmonium and two open charm mesons!
B @@\(2007) found no evidence of vy - D”D" decays in ISR events.

» These states are hybrid candidates

c@»:

D [PRL 101 (2008) 172001]

Y(4630) Thres_hold

function

(1-- at ~4.2GeV is expected by LatQCD), or
molecules [DD,(2420) , x.p , x.« ] or 4quark.

40 —

N/20 MeV/c’

30

 The Y(4660) may be the same state as X(4630) 20

[consistent mass & width] found by (2008) 10 AP

in ISR events (eventually a baryonium state?) ol 4 -

¢'e” — v, X(4630) = 7, (AA) Comb.Bkg | (A A;)
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Xe2(3°P2) |

«1(3°P4)

The “3940 family”

P'(23S4) |

[@sa)
3.6 |- L&)

44 (- ﬂc(41Sn) ""(4381)
Y(4260) @I

4.2
o 3
% 4.0 | [ndaisy | LES)
9

Mo+Mp-
% 38
< ) |'IJ"(1301)|
2 2MD ..... -

|Xc‘(13P1)

34 |
32 established cc states
predicted, undiscovered
h
i N -
0-+ 1 e 1 +- 0++ 1 +4 2++
JPC
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Y(3940)/X(3915) - 1

[ PRL 101 (2008) 082001 ]

2 In 2008 the 'V s first Y(3940) anaIyS|s ~

~ | | B"=J/ywK* =] |

of B—J/jyw decays confirmed 's “\\%‘“’"? | AN

observation [but at lower mass: X(3915)]: ?2}% “ ]
B™ — Y(3940)K"™ — (J /i w)K™ £/

(=]
T

L 2L ~ -
',,/’ \\\ 3400
= N o
» Later (2010). 35 [and "y | observed-the state, §mi
called Y(3915), in yy fusion (0+*, }(4-/) i
> 0
consistent with the parameters of X(3915): = L - :
. 4 AD X 4
_ _ _ 0 0 m,, (GeV/c)
e'e” = (e'e ) (yy) = (e'e ) I[P w) B’ = J[poKs
FIG. 3: The corrected J/vYw mass distribution for (a) B™ and
(b) B decay. Each solid (dashed) curve represents the total
PRL 104:092001 (2010) fit function (the nonresonant contribution).
14 I
12 | Fit-with B
3 10 /
=
e 8 \
L4
2-
%5 39 395 4 405 41 415 42 425 43
W (GeV) %
(W = m(uusrr”) - m(uu) + m(J [ y)]
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Y(3940)/X(3915) - II

[Z) Under the reasonable hypothesis that Y(3940) & Y(3915)=X(3915)
are the same state, this would be the first case of an "exotic” observation
with 2 different production mechanisms.

Why it must be exotic ? For (2010) the signal is absent in B— (D°D°)K !
Otherwise the conventional assignment would be X_.,(2P) [but mass is
also too high], i.e. another radial excitation of y triplet [remember that
Z(3930), decaying in DD was identified as one of the x_.,(2P)].

What kind of exotic ?

1) D' D" molecule with J* =0"" & with an hadronic wave function given by
75 D*D"))
2) a 0-* hybrid charmonium (which cannot decay in DD )

and, in this case, may be the lighter 0-* partner (spin dependent
splittings for hybrids) of the Y(4260) considered as the 1~ hybrid !

D**D*'> +
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4.4

»
o

Mo+Mp*

w
o

Y(4140)

MASS [GeV/c?]

2Mp

3.6

3.4

3.2

3.0

%

Ne(4'So)

W(43S1)

Xe2(3°P2) I

Y(4260) @I ©(3°P1)
-
O
| | Ne(3'So) W(3S) |
: X(3915)
B )
P’(2354)

| Ne'(2'So) |

|Xc‘(13P1)

established cc states

predicted, undiscovered
JIP(13S;)
i
0—+ 1 e 1 +- 0++ 1 +4 2++

JPC
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Y(4140) - 1

[PRL 102 (2009) 242002]

» *Ul (2009) reported evidence (@3.80) for ... ‘“295_
narrow peak in J/w® mass spectrum, %3;_ | X(4140) &
close to the kinematical threshold, EG; 17{‘]/ ¢ ‘:
in decays B* —J/y ¢ K* a5t e T
777777777 “4:_ JhppK*
§3? ‘
T f
Mass is well above 3770MeV open charm threshold; &2E I | Dﬂu”
the conventional charmonium ... ORIl
077711 1.2 13 1.4 15

should decay into DD, with tiny B.R. to J/yo . AM (GeVi/c?)
/ evic

Hidden charm:
OZI suppressed

Hadrons e g.0—

This OZI suppressed transition is rare [B.R. ~10 ] can proceed either as a 3-body
decay and/or as a quasi- 2-body decay, in which J/¢ and ¢ come from an

intermediate state Y (ccss) .
Constrained phase-space would favour forming of 2-body intermediate structures.

If this Y state exists and it decays into J/yg , its inv. mass must be below the DD’
threshold (~4.3GeV) : above this threshold, the dominant decay would be Y — DD’
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Y(4140) - II

D Y (4140) = J/y$| wh |Cy i1 = +1| =D Possible states: J* =0, 1", 2, 0™, 17, 27, 37

1 g J | g ]
S-wave P-wave
coupling coupling

; \ Prefiminary Belte
. B jo, ' LPR009, never publish

> (2009) searched and did not find this state in the same decay: =
limit set on production rate, but cannot exclude CDF peak: N
upper limit value lower than CDF’s central value! o
[efficiency depletion at the threshold] :

- vy = J/wg
> (2010) searched for direct production o 8r
allowed if Y(4140) is a state 0*+ or 2++: é o
no signal found. o |
This disfavors a D, D, molecule interpretation. B “\5’(4(}42))
20 _
However... they see a 3.20 effect @ 4350MeV ! -===""""~ “'_0_:£
This state was labelled X(4350). e .
M(dJ/y) (GeV/c?)
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Y(4140) - III

[ arXiv:1101.6058 (2011), never published ]

~ 10 Y (4140)
€119+7 |15
IS 115212 E Al >3] .
» *(201_1) presents update 5 B cands = 248
analysis with larger dataset < T ek —_5|¥(4274)
(6.0fb-1 vs 2.7fb1 ) observing §- a [3.10]
Y(4140) with a signif. >5¢0 -8 F o 4f
- S | -=~g-
+ M1=4143.0*29 3 o(stat)+0.6(syst) MeV 3 3 4 J J
c L 1l imiiEl
+ T4=15.3*104 ¢ ,(stat)+2 5(syst) MeV 5 {1 1l
S AN ik
52 5.3 0 1112 T 115
mApHK" (Gevich A M KK )-m(uw) [GeVie)

Fit assumes spin-0
})* also presents an evidence (@ a 3.10 signif. ), relativistic B.-W.

for higher mass peak [called Y(4274) state], “
but not consistent with Belle’s signal in yy — J/yg¢

+ My=4274.4*34 5 ;(stat)t1.9(syst) MeV
+ TI'>=32.3+21.9(stat)x7.6(syst) MeV
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Y(4140) - IV

L e e L B B B

- 382+22 LHCb b

B'— J/y¢K* |

[=2]
o

» % (2012) has searched for these two states
reconstructing 382+22 B*—J/y¢K* candidates.

»H
(=]
T

L=370 pb-

Candidates / 2.5 MeV

N
o

[ PRD 85 (2012) 091103 ]

10 T T L _
LHCb ... den ke A
8 B*— J/y¢ K* 5J00 5200 5300 5400 5500
(a) M(J/\pq)K) [MeV1

i<k observed no signals; this implies a 2.40 tension with CDF.
- Using CDF’s fit model for the signals and 2 options for
il u "”HHi bkg. parametrizations:

Candidates / 4 MeV
N

S
L L L L
—

e I T N T B

Ny 4140y = 6949

e
S,

———+ 4+ —+—+—++—+—+ a) phase-space function (as CDF) gives:{

> +6.5
— al | vy = 3455
It 1
fﬁ o - | b) efficiency-corrected quadratic function gives no signal.
S 4 | J\
§ 2—_ Lt "u”L @90%CL upper limits on ratios of branching fractions :
L L Ao B(B* — X(4140)K™) X B(X(4140) — J/ ¢ ¢) <0.07
1000 1100 1200 1300 1400 BB* — J/UHKY) .07
MJ/yp)-MIJ/y) [MeV]

B(B* — X(4274)K*) X B(X(4274) — J /¢y ¢)

BB — /0K <0.08
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Y(4140) - V

CMS . .
» 2 (2013) observes two peaking structures in 300
the Am mass difference spectrum by
recostructing the 3* — Jj/y ¢ k* decay (extracted B* &

C
signal is the largest sample collected so far). @52002—
= 1503—
> Peaking structure @ threshold with: F
______________________________________ 1007\
m = 4148.0 2 4(stat) = 6.3(syst)MeV ""5;'2' > +
I = 28"1%(stat) £ 19(syst)MeV r
0

MS, Vs =7 TeV, L=5.2 for! [PLB7
T T T I T T T T ] T T T T T T T T

34 (2014) 261]

CMS

MeV

250

ATINE 1D fit

T T ]
—+¢— Data
——— Gilobal fit
------- Three-body PS (global fit) -
+16 uncertainty band J
Event-mixing (J/v, ¢, K*) ]
Event-mixing (J/y, 6 K*) 7

IIIII

:l_(+l_'llll; IIIIIIIIIII

1.1

2 observed with >5c stat. significance
» consistent with the charmonium-like state, possibly exotic, Y(4140) from *
[evidence also fromDEJ (2013)]

P T
1.2
Am=m(u'w K'K™)-m(u'u”) [GeV]

PR R TR T T T Y ST S
1.3 1.4 1.5

» Naive yields’ ratio estimate: L““© ~(.11+0.03% consistent with CDF & LHCb UL

>

Y J/peK
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Y(4140) - VI

CMS
Z (2013) observes two peaking structures in

» > 300
the Am mass difference spectrum by 2 »so
recostructing the 3* — Jj/y ¢ k* decay (extracted B* &
signal is the largest sample collected so far). i 200

“ 150
» Peaking structure @ threshold with:
______________________________________ 100
m = 4148 .0 = 2 4(stat) = 6.3(syst)MeV -"-5'0"
" =287 (stat) = 19(syst)MeV
0

2 observed with >5¢ stat. significance

CMS

C

1>

i

MS, Vs =7 TeV, L=5.2 for! [PLB7
T T T I T T T T ] T T T T T T T T

T
—+¢— Data
——— Gilobal fit
Three-body PS (global fit) -

Event-mixing (J/y, ¢, K) ]
Event-mixing (J/y, 6 K*) 7
1D fit

34 (2014) 261]
L

IIIII

+16 uncertainty band J

:l_‘+l_'llll; IIIIIIIIIII

1.1

P T
1.2

P B
1.3

P R
1.4 1.5

Am=m(u'w K'K™)-m(u'u”) [GeV]

» consistent with the charmonium-like state, possibly exotic, Y(4140) from *
[evidence also fromBEJ(2013)]

» Naive yields’ ratio estimate: L““© ~(.11+0.03% consistent with CDF & LHCb UL

Y J/peK

2 since ¢K 'mass distrib. shows an excess w.r.t. PHSP profile
in the region where large resonances [K,(1770) & K,(1820)], &z
may appear, reflections studies are carried out and helicity
configurations of the decay products are considered. Hence:
Y(4140) appears to be fully uncorrelated to ¢ K resonances!
Additional peak (m-shifted wrt CDF) maybe affected by them. ‘=T

> 400
[0}

= 3501

40

< 300

200

OMS, /s=7TeV,L=52f"

-
g N
()
\ 1
[~ Pl

-

e AR
¢ Data E
—— Phase Space simulation J

=

[k
+

— I2‘.1‘_‘ ‘ ‘2.‘2’
m(K*K'K*) [GeV]
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Y(4140) - VII

> For the Y(4140) decaying into J/ye several interpretations have been proposed:
» D.D, molecule, that is the molecular strange partner of the Y(3940)
3 cscs tetraquark,
» threshold kinematic effect,
» hybrid charmonium,
» weak transition with p D rescattering

» Understanding the nature of both structures needs further investigation & requires
a full amplitude analysis (not easy task: 2 vectors in the final state!).
It is suitable for LHCb [& CMS (adding RunlII data to extract an enough pure B+
sample with enough statistics)].

>

| NPQCD-2015 /21st April 2015 Alexis Pompili (Bari University & INFN) 1/50 |



Y(4140) - VII

> For the Y(4140) decaying into J/ye several interpretations have been proposed:
» D.D, molecule, that is the molecular strange partner of the Y(3940)

3 cscs tetraquark,
» threshold kinematic effect,

» hybrid charmonium,
» weak transition with p D rescattering

» Understanding the nature of both structures needs further investigation & requires
a full amplitude analysis (not easy task: 2 vectors in the final state!).
It is suitable for LHCb [& CMS (adding RunlII data to extract an enough pure B+

sample with enough statistics)].

Compilation by K.Yi

CMS \s=7 TeV, L=5.2 '
250+ o =8 ..

A ¥ |

-
12

> Maybe worthy to note that
the Y(4140) state is the
most recent of a series of
vector-vector threshold
enhancements from 0ZI

Candidates per 20 MeV

I 2 15
m{prpK'K)-mipp ) GeV

eveoevd)  Events/(40 MeV/ Cz)w

suppressed strong processes: a8 , Bagar'gw,w;w |
. | EE
Possibility to similar b 1 H~d
behaviour in pairs of i1 L&Lﬂ” - T\*\
heavy quarkonia? SRR T

n
(=}

0
0
0
i
O ..I)....v-,IS.l.. -
M(md) (GeV%c')
bp--BES

5

oL

275 3
(@) M(99) (GeVic®)

Events/10MeV/c

i

pq!>——B‘E’3

1.7 2 225 25 2.75
M, (Gev/c?)

PRD 77, 012001(2008)
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Part - 1 / 4-quarks systems :

a2) Charged charmonium-like exotics
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4.4

4.2

»
o

Mo+Mp*

w
o

Exotic charges Z states

MASS [GeV/c?]

2Mp

3.6

3.4

3.2

3.0

™ | Ne(4'So)

Xe2(3°P2) |

Z,(4250)+

Z(3900)+

[w(1D)]

P'(2°S1)

| Ne'(2'So)|

PEED

established cc states

predicted, undiscovered

0—4-

1+
JPC

0++

1++

2++
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Z(4430)* - 1

LU L B S S B A S LA

K *(892) -veto
K,(1430) -veto

»(2008) observes (signif.>60) a narrow structure
in Y(2S5)7” inv. mass spectrum of the 3-body decay:

B = yQ2S)n" K" with: pQ28)— ("0, J/y an
B —yQ2Sn K" I -t

Quark diagrams with weak effective transition:

events/0.01 GeV

Incoherent 3-body o
b — < 2 Lyes)
v \< 5
h > u X
«— 1l _ - K°(892),K,(1430)
d ‘ al” T TN d |

This structure would imply the quasi-two-body decay
with the charged Z being an intermediate state: p-0 _, Z(4430) K% — [T/J(ZS)JT_]KO’+
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Z(4430)* - 11

— 1000 - (2) B T K™ E _
' - ~ Al K& Events :
(% (2009) argued that dynamics in the Kx : T Event S
system can reflect structures in y'n inv. mass. soo | ] ]
.................... : % : :
e 'V‘ Belle I ,kPRD 79:112001 (2009)
3 WE ‘miﬁ...%gifg.rﬁ-?*‘r-;*r . Comparing bkg-subtracted . ~ - 'M ———r .
2 e " normalized distributions - @) B S\y§tKT | h
. F mmamerm 1 o : 0 All KnEvents |
EY BABAR (*1.18) P of the 2 experiments: the i i )
=1 TR 1 . - difference plot indicates TRl -
05 b AEH TR 2 that the 2 samples are L | .
0 - L 3 2 ! ! ; - - - B .'.~ A |
= BERAEs R statistically equivalent. ;
Rl N NRTARUITARNTUML L (WL I 0 ! o :
I A LA : Spk AR
St M EH WEe) . : r
3.8 4.0 42 44 46 48 - K (892) + K_(1430) | .
M8y AGeV/c?) 0 - 2 : 1 -
Performed a detailed study of Kx mass and angular xof + + *{ 3
distributions to draw projections of the Kr system 3 . { ﬁ ]
onto ¢’z inv. mass (used as background for a BW ®E t ¥ | E
representing an eventual Z* signal): .. : : - :
P 9 gnal) (signif.~1.90 WE 6, r
@ shifted mass) -l;r---&-""“‘--
Kx reflection well reproduces 3.1 forci E
the ¢’z inv. mass distribution | | [53-10 forcing 0
parameters] ‘ ) R ‘
e 38 4 42 44 46 48
Myasye (GeVic?)
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Z(4430)+ - 111

»This triggered 's re-analysis(2009) performing a dalitz-plot fit
including relativistic BW for Krx resonances (s,P,b waves)

PRD 80:031104 (2009) s K *bands removed
s : Z* signal still
| there with:
- signif.=6.40
- width doubled
(within syst.err)

23

50

__________

__________

30k

M(x*y), Gev¥c!
Events / 0.18 GeV?/c*

2 °

e 08
°
°

20

Useful cross-check

by ¥3 would be to do
Lo T same with J/¢y mode:

T e 2|didn’t find any signal.

10

> This hidden-charm charged state has generated a great interest
since it must have a minimum quark content ccdu and thus

it would represent an unequivocal manifestation of a 4-quark
state meson.
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Z,(4050)* & Z,(4250)* - I

PRD 78:072004 (2008)

}> (2008) looked for other 4-quark candidates

=8 D K *bands removed
g ) - @5
observing two more resonances (with same = k=
dalitz fit technique) in the decays: =S 30
_ © sE
B' = x, 'K & B = x K] xa= vy i Jw—l 8 2 |
% 15 |- 3 J
The 2 resonant structures observed in y 7 Do f marh T
system are labelled: Z,(4050)* & Z,(4250)* °ff 'ha . pw 11
03.6 3.8 4 4, 4.4 46 438
The 2 states’ fit is favoured (model syst. included): /M) Gevic?
- By >8.10 signif. (over no states) Z(4050)+ Z(4250)*

- by >5.10 signif. (over 1 state)
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Z,(4050)* & Z,(4250)* - 11

»|%/(2012) didn’t find them [by using similar method for the Z(4430)* search]

omitting
angular
After bkg-subtraction & efficiency-correction ~, | dependence

the y_ ;7 inv. mass distrib. has been modelled %
using the angular information from Kz inv. c§>
mass distrib. as represented using only low- g

o

-order (up to L=5) Legendre-polynomial moments
(these are related to partial wave amplitudes).
The excellent description of y_,7 mass obtained r
in this approach shows no need for any additional Rl P E

4 4.5l
structure in order to describe the distribution. m(xe ) GeV/c?

u

PRD 85:052003 (2012)

AR @ 7

In both cases fits give fractional
contributions for 1 or 2 resonances
consistent with zero;

in any case yield significance is <2¢
(even when K*bands removed).

400

200

K *bands NOT removed
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Z(4430)* - IV

» There is a methodological difference between Belle/BaBar !

Belle's Dalitz Plot analysis is over-simplified because they integrate over
the y' & ), decay angular distribution, thus ignoring the correlations.
If there were any structure in the y'7 & ). 7 systems ... there would be
the need to include higher partial waves in the K-n system since they
would be built up from these "extra” K- amplitudes contributions.

> Amplitudes analyses are the “last frontier” to assess the existence of a state as
intermediate resonance in 3-body decays. For the Z(4430), Belle took 5 years
(and 3 papers) to come out with it. This is understandable since B-factories mainly
have faced 3-body decays of charmed and beauty mesons into 3 pseudoscalars (a
traditional Dalitz plot fit was enough) and not 3-body decays with vectors in the
final states (like J/y, ¥ and also X, ¢, ...).
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Z(4430)* -V

>» This controversy triggered ‘s re-analysis(2013) [1] performing a
full amplitude analysis (4D : 2 inv. masses + 2 angular variables)
including all known Kr resonances within the kinematic boundary\

Events/0.17 GaVic!

15K16 17 18 10 20 21 22 23
My a), GeViiet

' sidebands

2 2
(mK*ﬂ’ ’ mw’n’ ’ Hl//’ qu’K*)
Fit with Z*(JP=1%) v _
Fit without Z2*+(JP=1%) \\\
T d __\d‘___\
JP 0~ 1- | 1+ 1 2~ 2+
Mass, MeV/c? | 4479 £16 | 4477 £4 [14485+£20}| 4478 £22 | 4384 £ 19
Width, MeV | 110450 | 22414 [} 200440 }| 834+25 | 52+28
Significance 4.50 366 |i 640 1| 220 1.80
B [0t forbidden]

Z(4430)* is now confirmed

(favoured over others by >3.40)

through the appropriate method;
JPC=1+"is the favoured hypothesis

However a confirmation from other experiments is needed
to definitely establish it ! It came by LHCb (next slide).
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Z(4430)* - VI

» % [1] confirmed Z(4430)- applying exactly Belle’s method (and improving fit
results). JP=1+"is the favoured hypothesis (favoured over others by >9.70) .

[ PRL 112 (2014) 222002 ]

’ e AL A B R
However the story doesn’t end here! ST EESCb !
'\D —~ -
The 4D fit probability improves from 7% to S 200 1.0 <mg.. <18 GeV? ) —
26% by adding a further v’ 7°resonance P i i
(for which J°=0" is favoured over J°=1"* by 10) 3 ; -
that has a significance of ~6¢. S - 7
5 100 ¢ —
O . X T i
2(4430)- | m = 4475775 MeV | [ =172:£13" MeV #mmmmmmmmnmmae: .0 S A ]

___Q _____ = ?:ﬂ‘-o*- | el
new - lm = 4239 £18"5 MeV ] [ =220 +47"% MeV «f-===="""" 16 18 P mTeev

Figure 4: Distribution of mf,,,"_ in the data (black points) for 1.0 < mf{hr_ < 1.8 GeV?

(K*(892), K3(1430) veto region) compared with the fit with two, 0~ and 1% (solid-line red
histogram) and only one 1% (dashed-line green histogram) Z~ resonances. Individual Z~ terms
(blue points) are shown for the fit with two Z~ resonances.

It has same mass and width of Z(4250) reported
by but a 0- state cannot decay strongly to x 7|

>
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Z(4430)* - VI

» ﬁﬁ%’] [1] confirmed Z(4430)- applying exactly Belle’s method (and improving fit
results). JP=1+"is the favoured hypothesis (favoured over others by >9.70) .

[ PRL 112 (2014)

222002 ]

4 c:“ i I
However the story doesn’t end here! ST EESCb
'\D -
The 4D fit probability improves from 7% to S 200 1.0 <mg.. <18 GeV?
26% by adding a further v’ 7°resonance P i
(for which J°=0" is favoured over J°=1"* by 10) 3 ;
that has a significance of ~6:. =R
g 100
Z(4430)- | m= 4475+ 75 MeV | [ =172%13" MeV #4=mmmmmmmmmmmm- W—
____Q _____ ot i
new Zz- ] m = 4239 £18"% MeV ] [ =220+475 MeV 4f===="""" 16 18
Figure 4: Distribution of 171.3,,”_ in the data (black points)
It has same mass and width of Z(4250) reported histogra{n) and only one 1+ (dashedjline green histogram) Z~ resonances. Individual Z~ terms
by but a 0- state cannot decay strongly tOXclﬂ_ (blue points) are shown for the fit with two Z~ resonances.

22
mg.,- [GeVY

2

for 1.0 < my4 -
(K*(892), K3(1430) veto region) compared with the fit with two, 0~ and 1% (solid-line red

< 1.8 GeV2

> The Argand diagram (real vs imaginary parts of the 1+
amplitude for difference mass spanning the 4430Mev
region) is consistent with a resonant amplitude

The phase from rescattering effect [Pakhlov et al. model,

arXiv:1408.5295] run in the opposite way (anti-clockwise)

0.4

-

-
-
-

- LHCb
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Z(4430)+ - VII

» In 2014 presented the same full 4D amplitude analysis for B’ — J/q} Kz~

i g ] - . . B(Z:(4430)" = 4(2S)nt)
The Z(4430)- is significant : 4.00 evidence for this new decay mode: B(Z. (4430)" = J /i) 10
[PRD 90 (2014) 112009]

Comparison of the fit results with Z.(4430)" and additional Z
(blue) and without any ZF (red).

1.2 GeVZ/ct <MA(K:x) <1.432 GeV?/ct MK ) >3.2 GeV/c?

< 200 < N
=2 PRELIMINARY 2 [ PRELIMINARY
L 180 S F
()] (0] L
O 160 O 50:
< < L
« 140 & a0-
2 120 e -
£ 100" 2 30- )
g 80 A it ] 1l

60 20:_ .: 1 -I.

407 ' f |

20 i

0 T R e ot A e A e e i

12 14 16 18 20 22 12 14 16 18 20 22
M%() fy,m), GeVP/c? M() Ay m), GeVZ/c*

[ New ZF is found (JP = 1%) [Z.(4200)7, 7.20 with syst. error] ]

M = 419613571 MeV/c?, T = 370722170 MeV.
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Z(3900)+ - I

] BESIII (2013) studies the process ¢'¢” — J/ya'n~ @ c.m. energy of
s = (4260 £ 1)MeV corresponding to the peak of the Y(4260) cross section.

» (2013) observe a charmonium-like charged structure (close to DD’ threshold
=~ " reconstructed as intermediate state in the decay:

Y (4260) —[Z,(3900)* 1" — [J/y x* )7
M (J/yp ) larger one of the 2 combinations M (J/yx*), M(J/y ™)

PRL 110, 252001 (2013) PRL 110, 252002 (2013)
- —4- Data 70
100 = = D ata
R §f Tl O 60F ek T
> - -=== Background fit > F
(6] 80 — -o=. PHSP MG () 50 Z_ — Background
O B [ sideband O E "o PHSPMC
S eoF + S 40F
2 0 S ok Fr +
w40 | dplarglHieD e ® : gy R N
2 ] et s o4 ;_
o 20k - D 1of 4
037" 38 39 40 T R R Sy L Y
. . . . 3.7 3.8 3.9 4 4.1 4.2
Mo (@) (GeV/c?) Max (TJ/W) (GeV/c?)
M = 3899.0 + 3.6 + 4.9 MeV M = 3894.5 + 6.6 + 4.5 MeV
=46+ 10+ 20 MeV [ =63+24+26MeV

They checked (by MC simulation) that effects of dynamics in the »*2~ inv. mass
spectrum [associated to f;,(980), 0(500)] do not project peaking structures onto the
J/y ©r mass spectrum.
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Z(3900)* - II [& Z2(3900)°]

» (2013) confirms this state studying the events e'e” — ]/I/JJT+JT_ @ c.m. energy of
s =4170MeV corresponding to the peak of the 2°D, = y(4160) charmonium resonance.

. W(4160) —[Z.(3900)* 17 —[J [y 7*]7*

> ] Data [PLB 727(2013) 366] In the same paper CLEO-c
f 30F- —. Phase Spacs presents evidence of a neutral state:
- — Fit
@ | =y Sidebands Y(4160) = [Z,(3900)"17° — [J /y 7° 17"
§ ! > .
J“ i § JoF - Prhmspm [PLB 727(2013|) 366]
L 0 . —
\l' ﬁ > &3 Jy Sidebands (signif.~3.50)
L .g
Q
(&)

Mo 0= JAy) (MeV)
M(Z,(3900)=3885:5MeV/c?
I(Z,(3900)=34+13 MeV

3800 3900 4000
M, (%) (MeV)

Z.(3900)*/- and Z_(3900)° should form the isospin triplet with JP=1+
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Z_(4020)*

=+

(2013) taking data @ 4.23GeV, 4.26GeV and 4.36GeV sees a structure inhc”
ass spectrum, close to D'D" threshold, in the channel: ,*,-  } 77~

[PRL 111 (2013) 242001 ]
120

100

No significant
Z.(3900)* — h 7"

signal seen.

M(Z(4020)) = 4022.9 + 0.8 & 2.7 MeV/c?
T(Z:(4020)) = 7.9+ 2.7 £ 2.6 MeV

80

IIIIIIIIII‘I

60

Events/{0.005 GeV/¢)

40

20

295 400 405 410 415 420 425
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Z(3900)* - 111

taking data @ 4.26GeV, observes (@ 18.00!) this decay mode :

[PRL 112 (2014) 022001]  ¢*¢” — Y(4260) — Z,(3885)' 7~ —[D°D",D'D"|n”

"o 90F
S 80F + ¥
§ 70E Assume Z (3885)" & Z(3900)" are the same state!

60F
E 28; Spin-parity is deduced by efficiency-corrected
§2 30§_ production angle distribution: J'=1"is preferred!
o 20F
IJ>J 10F | .-~ JPC=7? 0.5¢

...... 0.45F BESIIl data
3085 3.90 3.95 4.004.05 4.10 4.15 ;/ S o po1-
M(D°D*) (GeV/c?) e . =

o - ; /’V\/\‘ 8 0,252 ¢ —— —¢ ¢ jP=1+
2100F | B onsk
> N 5 JPC=0" L
D g8oF i L o.0sf “{IP=0-
= Z | O 6.7 0.2 08 0.4 0.5 0.6 0.7 0.8 0.9
3 60p ! H # Icos 6,
_.9 40:_ e
S ol | et
0 F b foosssseess & Qi me + NO hint for Z_(4020)" —(DD")";

385 550395 4,00 405 410015 instead it appears Z,(4025)" > (D'D’).

M(D D*O) (GeV/c ) Assume they are the same state!
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Z states’ spectroscopy !

> In 2013-2014 the number of Z states is “exploding” :

TABLE II. Positively charged ¢¢ mesons. The C in JPC is that of a neutral isospin partner.

State M (MeV) I' MeV) Jre Decay modes Ist observation
Z!(3885) 3883.91+4.5 248+ 11.5 1+? D**D% D*D*0 BESIII 2013
Z!(3900) 38908 £ 5 51+19 7’ Jfynt BESIII 2013
Z}(4020) 4022.9 £ 2.8 7.9+3.7 7 h.(1P)z*, D**D*° BESIII 2013
Z(4050) 4051 35 82 % 774 za(1P)r! Belle 2008
Z, (4250) 424818 177155 7 2 (1Pt Belle 2008
Z'(4430) 4443158 1074313 1" w(28)n! Jt/zp a’ Belle 2007
> Not to mention the two new states suggested by amplitudes analyses Belle 2014

of B°>J/y K'nw & B’ -y K'n

Z_(4200)[J" =1"]

» As Maiani et al. has foreseen with the title of one [1] of their papers ...
... we are indeed beginning to face an hidden charm Z states’ spectroscopy !

Z (4240)[J" =07,1" 7]

[1] Maiani et al., arXiv:0708.3997 (2007)
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Part - 1 / 4-quarks systems :
b) Bottomonium-like exotics
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Bottomonium like mesons

— Figure
> Recent status of the bb bottomonium E borrowed
. . by S.L.Olsen
and bottomonium-like mesons : 108~
Red/purple boxes indicate :”fl -------------------------------------------------
w " R Tl
anomalous” states that 106", wﬂ ____________________________________________
we are going to discuss :
going
2 Y (10890) s
+ +
D Z,(10610)" & Z,(10650) ) |:m,<3'so) /
‘;i h@'Py) I ¥ Jz:&po) 1(2°Py) @
S 102 7
.
2 The large Y(4260)— J/ya'n" signal 4 More than 30% of
discovered by .| triggered . to Y(nS) coming from!
V' ‘v gg 3») 1 E (nS) g :
search for similar behaviour in ) : 10.0 7 @
& 21(1PPy) E
= Y (1S) Z0(1°Pg)
E 9.8 —
0 e*e- = hadrons 45 ?
;““\‘v‘\d’ 'Jd,r“““\ +$
0 | /\L’\ Pl | Established 55 states |
_ 0 :‘ é"\» ! ) | 9.6 | Unassigned bb states |
g 10 ) ? b | Recemlyfwndbfsmes |
=4 B i Aaiahi ]
} ‘ ﬁe*e*%:r*rr 1A R
4\ 0 ] 10 10
@ @h H”M H" i hw.w,‘,w,.,w, i E,., (GeV) por - - pov - po
E (G eV) ° o8 JP(_'
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Bottomonium like mesons : Y(10890)

D . 0.012
» 1In 2010 uncovers an anomalously large production <0010} 4r(1s)
= v T BLE
rate of Y(nS)7x'n™ [n=1,2,3] peaking @ \/_ ~10.89GeV 1 £ 0.008{ #TQS)n + TSty
T 00064+ LGmm, - 1}
This peak energy is = 20 higher than that of the peak @ 888;_ b U }
>_4 .
in the ¢*e” — hadrons xsection @ s =10.87GeV that is = 0.000 1 9 4 :
usually associated with the conventional Y(5°S,) meson: ... 0.6 SERRRERRRERR
e " Y (5S)—hadrons
(- 2 £ T
If the “shifted” peak were to be attributed to Y(55) decays % 0.4 /ﬂt p
it would imply partial widths for Y (55)— Y(nS)7'z [n=1,2,3] = > \ /N
hundred of times larger than theoretical predictions ! = 03 \\‘_1/
It would also be incompatible with the production rates :
measured for the Y(49)! 0.1
\ #) M J

[PRD 82 (2010) 091106(R)]

This signal, called Y'(10890), should be a non - bb state,
equivalent of the Y (4260) in the b-quark sector !

10.75 10.8 10.85 109 10.95
75 (GeV)

1

11.05
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Bottomonium like mesons : Y(10890)

0.012

[PRD 82 (2010) 091106(R)]

D -
» In 2010 uncovers an anomalously large production < 0010] 4r(is) D
= v T BLE
rate of Y(nS)7x'n™ [n=1,2,3] peaking @ Vs ~10.89GeV 1. = 0,008+ HYL2S)m + T(S)nny
= 0.006F-+X@Sam,
B
This peak energy is = 20 higher than that of the peak @ gggg- i U }
>_4 .
in the ¢*e” — hadrons xsection @ s =10.87GeV that is = 0.000 1 9 4 :
usually associated with the conventional Y(5°S,) meson: -..____ 0.6 ‘ ’ ;
e " Y (5S)—hadrons
/ \ =) 0.5 TTmeeaol
If the “shifted” peak were to be attributed to Y (55) decays % 0.4 /ﬂt ~
it would imply partial widths for Y (55)— Y(nS)7'z [n=1,2,3] = ¥ \ /N
hundred of times larger than theoretical predictions ! = 03 . \\‘_1/
It would also be incompatible with the production rates o5 02
measured for the Y(49)! 0.1
N [ / 10.75 10.8 10.85 10.9 1095 11 11.05
This signal, called Y(10890), should be a non-bb state, ——
equivalent of the Y (4260) in the b-quark sector ! o —LPRL 108 (2012) 032001]
N —_ hy(2P)

> By purpose integrated data near the peak of the Y(59)

2 1200
> 1000
800

~
=

600

|
and studied the inclusive missing-mass spectrum recoil- :‘:3'#5{3 i ;
ing from 7*7” pairs. Residuals from piecewise fits to the TR ispectrum 02> § 105
data with smooth polynomials show, in addition to the gl ; T‘}f‘” |
expected Y (nS)7'n [n=1,2,3] peaks, the unambiguous signal 2 hs i | ””‘?”%m
for the conventional bottomonium states /,(1P) & /1,(2P), ! i I T(][)?\j ﬁ E>
till then elusive (first observation !). S o 'H‘WW}’P‘#M“E"L*W 'W‘H"t” P
o o \/,\/(:’:ﬁ )((ilc(\)"'v"cz) 02 0
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Bottomonium like mesons : Z,(10610)* & Z,(10650)" - I

New puzzle : h,(mS)z*n” [m=1,2] final states are produced at rates not dissimilar from

those for Y(nS)n'n™ [n=1,2,3] (spin-conserving transitions) even though the

transitions require an heavy quark spin-flip that should imply a strong suppression.

> A subsequent study with the same data (near the
Y'(5S5) peak) and with fully reconstructed decays
"Y' (55)" %Y(nS)ﬂ:*Jr' [n=1,2,3] finds peaks @ two

inv. mass Y(nS)Jr [n= 12 3] ----------------- )
-'I
PRL 108 (2012) 122001

IR it

wlee = YaS)ra ‘

: + ......

40 wﬁ#‘h}“ﬂ Jr’H# +$,}++ ( *B%

201 Gl

(I)O.I IOI.Z. 103 - IO4 IOS 6 IO7 10.8

M(T(lS)n)max (GLV/LZ)

80{¢'e —>Y(2S)ﬂ B e,
601 f {

A N
1 it J;
o [ Y §

0
10.410.4510.510.5510.610.65 10.7 10.75
M(Y(2S)m)max’ (GeVic?)

Events /(5 MeV."c2

o
o

—————

oo
<
N

=y
o o
-
-

10.58  10.66 10.74
M(Y3S)M)max’ (GeV/c?)

e'ee = YQ@BSn'm”

Events /(4 MeV/c?)

| NPQCD-2015 /21st April 2015 Alexis Pompili (Bari University & INFN)

1/71 |



Bottomonium like mesons : Z,(10610)* & Z,(10650)" - I

New puzzle : h,(mS)z*n” [m=1,2] final states are produced at rates not dissimilar from
those for Y(nS)n'n™ [n=1,2,3] (spin-conserving transitions) even though the
transitions require an heavy quark spin-flip that should imply a strong suppression.

> A subsequent study with the same data (near the
Y'(5S5) peak) and with fully reconstructed decays
"Y(58)" = Y(nS)x'n” [n=1,2,3] finds peaks @ two

yield : 6% in the peaks

01]

80

eee = Y(US)n'n”

bt
! +Hﬁ*mfw+#ﬁ*'ﬁ*}

izzo

g

D
DO
BaLE
/]

vield : 22% in the peaks

I~

yield : 43% in the peaks

N

~
~~o
LY
~
1Y
.
1Y
— 1Y
~
~
~~

~.
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~o
~

... these are the fractions
of YnS)n*'n[n=12,3] events

with the 3 decays proceeding via
2 intermediate charged states:

"Y(58)" = Z, 1 = Y(nS)a*a [n=1,2,3]

10.3

~

i M"
i N

10.4 10.5 106 + 107

MASmmax (GeVic?)

] - -
> s0ide >Y(Q)n'n” + .
=-~-60 hA .’W
o "ao~ ity Al
£ 209 | @ TeeaB ~ SN
2 o L rrr—————
2 10.410.4510.510.5510.610.6510.710.75
~~~~~ M(Y(2S)m)max’ (GeVic?) H
~~~~~~ G120 ¢
© !
3 TN
T AV
= I’i § 0
2 0 LI,
5 1058 10.66 10.74
& M(YGS)M)max' (GeVic?)

e'ee = YQ@BSn'm”

4
{10.8
N
N

4

10.8

10.6 —

9.6 —

N
N

~
.....

IlY‘(SS)II

\

1

7
7

T r3's)
15(3"Sp)
+ -:
I hy(2'P)) 23p X2(2°P)
X 5(2°Py 250(2P) 261(2°Py)
.-~ | xf°Dy
- -
(238
(218 ol
-1 3P,
AN h(1'Py) | - 2 (13Py) Xp2(1°P2)
R 20o(1°Pg)
N
N
Y
N
N + =
N | Established b states |
N
X | Unassigned bb states I
| Recently found b5 states |
o 1— 1= 0+ 1 2™
JE
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Bottomonium like mesons : Z,(10610)* & Z,(10650)* - 11

> Moreover studies the resonant substructure of the"Y(55)" — h, (mP)x"n"[m=1,2] decays
reconstructed inclusively by fitting the spectrum of the missing-mass of 7'z pair in
bins of /,(mP)x” inv. mass, defined as missing mass of the opposite sign pion M (7).

All the events i, (mP)n"n~ [m=1,2] are fully concentrated
in the two peaks :

_e'e =h(P)yv'n e'e = h,2P)n'mw”
2 12000} (q) 217500F )
2 10000 Jq 1 £ 15000}
(=] o
< 8000 T 12500
12} 0
E 6000 q E 10000
- -
@ 4000k @ 7500}
2000} + + + ” sy {
OLH’ H»H iyt 2500- L
-2000 . H' , oF i)

10.4 105 106 107 104 105 1086 107
M (), GeVIC® M,....(), GeVic®

[PRL 108 (2012) 122001]
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Bottomonium like mesons : Z,(10610)* & Z,(10650)* - 11

> Moreover studies the resonant substructure of the"Y(55)" — h, (mP)x"n"[m=1,2] decays
reconstructed inclusively by fitting the spectrum of the missing-mass of 7'z pair in
bins of /,(mP)x” inv. mass, defined as missing mass of the opposite sign pion M (7).
All the events i, (mP)n"n~ [m=1,2] are fully concentrated

in the two pealfs D e k(P | e = QP
212000 (g 217500} )
= 10000 '} = 15000}
2 000 2 12500
‘% 6000 - %10000
ﬁ 4000 F u>J 7500+
2000+ + * J sy 20t
L 2500 F
: fﬂﬂﬂ%ﬁiyﬁlﬁ B Ol
-2000 . ) k- s d
104 10.5 10.6 10.79 . \12,4 105 10.6 10.'{;
M, o), GeVic™ bl T M, e(7), GeVic
[PRL 108 (2012) 122001] ~~~-.__ EE
. \\%‘NNN.. |—hb(2‘P]) 20(2*Po) I (2°Py)
The 2 de_':cays fully proceed via the $ 027"~ . )
same 2 intermediate charged states : = hRE =
"Y(58)" = Z, 01" = h(mP)T' T [n=1,2,3] o0 [
m 261 (PPy) -sz(lgpz)
lbo(]}Po)
2 Fitted values of the peak masses in all 5 channels 7
are consistent with each other; <I', >=18(12)MeV . [ Estblished hstates |
2 Production rates of 7, (10610)" and Z,(10650)" are similar I Unassigned 85 staes I
- - - - Recently found bb states
» Analyses of charged pion angular distributions ’_'"
favour the /" =1 assignment for both states 9.4 [ ootcthmen |

[later confirmed by a Dalitz Plot analysis]

(U 1~ 1~ 0 1™ 2t
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Bottomonium like mesons : Z,(10610)* & Z,(10650)* - 111

Y The close proximity of the BB, B'B  thresholds . s M
[ (2.6x2.2)MeV above mg+mg & /
(20x1.6)MeV above 2my, ] and the JE=1" ? I

b))
assignement for both states would suggest /69 gﬁ/ a
_— B¥* \

a virtual S-wave molecule-like states. _
B-B* “molecule”

» The B"”' B 'molecule picture is s_upported by a ‘s B*-B* “molecule”
study (2012) of "Y(55)" — B”B”w where peaks in the
inv. masses BB & B B at the Z,(10610)" & Z,(10650)" are found!

[arXiv:1209.6450]
(¢) 50 — Nr——T——T ™] |Channel Fraction, %
® o * * " )‘)_ o

& 401 M= el ix & 40] 4 e _:BB T Z,(10610) Z(10650)

3 5 <\ Z,(10610) 1 [Tas)=+ 032+0.09  0.24+0.07

E 30 30_ N D )T D& T VUL =4 T UV

< £,(10650) E - 28)x+ 1.38+1.21 240+ 0.63

T\’: 201 \f 201 R T(2S)x 4.38 + 1.2 2.40 %= 0.6.

5 E y 1 |T@3s)=* 2154056  1.64 +0.40

= 101 @ 10,7 1 s ———
o ,1’ | h;,(lp):* 281 +£1.10 7.43 £ 2.70

o V4 ool s \

0 - e ey p 0 . l 2628 bl " ¥ R = Ny
_ee==="T106 10, 65 107 105 ¢ 16 1065 107 10.75| he(2P)7* 134+207 M48+62
\ 2 4 *)p* /o2 = - 7 A |

¢ M(B''B") (GeV/c + 0 0 e 86.0 + 3.6 -
‘\ Fit with non-resonant amplitude o M ) ( ) B*B* + B"B** )

\ S o+ 30 = 734+ 7.0
[ Estimated BKG component 4 .

This pattern where BB*, B'B" decays dominate for the Z,(10610)" & Z,(10650)"
are consistent with expectations for molecule-like structures.
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Bottomonium like mesons : Z,(10610)* & Z,(10650)" - IV

[PRD 88 (2013) 052016]

» 1In 2013 gtudles the Y(n$)7’z’ [n=1,2,3] final states finding (6.50)
the neutral Z,(10610)° isospin partner of Z,(10610)° and a production
rate that is consisyent with isospin-based expectations.

» The actual compilation of anomalous/exotic bottomonium states looks like:

Y,(10890) 10888.4+3.0 30.7737 17— efe — (T(nS)w m ) Belle [117]
Z;(10610) 10607.24+2.0 18.44+2.4 17—  “U(55)" > 7 + (T(nS)7t), n=1,2,3 Belle [119, 122]

Y(5S)" = 7 + (he(nP)7"),n=1,2 Belle [119]

“C(55)" -7~ +(BB")*,n=1,2 Belle [123]

Z9(10610) 10609+ 6 1= “r(589)” = 7%+ (T(nS)7°), n=1,2,3 Belle [121]

ZF(10650) 10652.2+1.5 11.542.2 17~ “T( S)' = 7~ + (T(nS)nt), n=1,2,3 Belle [119]

“r(55)" = 7~ + (ho(nP)7"),n=1,2 Belle [119]

“r(55)" - 7~ +(B*B*)", n=1,2 Belle [123]
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In search for the bottomonium partner of the X(3872) - 1

Lok
1

o~

Upper limit off R

¢ [1] PLB 727, 57 (2013) :IthExpected

10% [ \s = 20 Expected
8% [ L= zo7|b‘ o BEE% Modlanexpoctod;

> HQ symmetry suggests the X, analog of X.. oy
There are model-dependent mass predictions; a% -
e.g. m=10.561GeV for BB molecule (Swanson,2004).

&m
Z
2]
N
&

=
&

CMS [1] & ATLAS [2] looked for it in the decay 10 701 102 103 104 105 106 107 108 109 1
- M, [GeV

X, = Y(1S) #*7” motivated by the seemingly {c) - [21PLB740,199(2015) . .
— Observed

oC
=
o
=
=
]
=
=
—
R o
o
==
a2
w
k=
S
\

ATLAS

————— Medilan Ex
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Both experiments set upper limits for the
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X, = Y(1S) #'7” production, namely for
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| Exclude masses close to Y'(29), Y(3S)'

» According to Karliner&Rosner [PRD91 (2015) 014014],
this analogy is misguided for this particular decay channel.
In the bottom sector isospin should be well conserved, while in charm sector

X(3872) maximally breaks isospin conservation: T AT, e 0
( ) y P BX > I WA w ) 6. 04203
B(X 9.]/1,0(717 T )________________________________>

Thus for X, isoscalar with J°¢=1++ thisdecay @ = 7

should be forbidden by G-parity conservation!

| NPQCD-2015 /21st April 2015 Alexis Pompili (Bari University & INFN) 1/75 |




In search for the bottomonium partner of the X(3872) - 11

> The strategy for X, observation should include search modes such as ...
X,—=YQ1S) o(—=na'nmx"), X,— x,AP)7x*'7", X,—Y@3S)y; [not easy @ LHC: involve soft y reco].

No significant signal - for the 1st - found by Belle in Y(5S) decays [PRD91, 014014 (2015)].

» Moreover Karliner & Rosner suggest that the X, may be close in mass to the x,,(3P),
mixing with it and sharing its decay channels [ just as X(3872) may be a mixture
of a D°D™” molecule and x.(2P)].

Thus the experiments (ATLAS, DO, LHCb both with non-converted & converted
photons) that reported observing x,,3P) — Y(1S.25)y might have actually discovered
the X, or a mixture of the two states!

It would be worthwhile to examine the Y(1S5,25)y mass spectra for any departure

from single BW behaviour.
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Few comments on molecules VS compact 4quarks -1

>

A partial picture of many XYZ states establishes:

1) a concentration of charmonium-like states crowding the DD ,D'D’
threshold regions

2) bottomonium isospin triplets near the BB", BB thresholds

These circumstances suggest molecule-like structures.

> For istance for the charmonium states there can be introduced two isotriplets,

(a)

Mass /(GeVic?)

Fig

while for isotopic triplet in the bottomonium sector the X(3872) counterpart
is still missing.
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. 22 (a) Level diagram for the X (3872), the recently discovered Z_(3900) & Z.(4020) isotopic triplets, and the Z(4430)

isospin triplet. The salmon-colored boxes indicate other states that are suggested by the molecule picture. (b) Level diagram
for the recently discovered Z; states, a conjectured b-sector equivalent of the X (3872) at the mpg + mpg+ threshold and an
additional isoscalar partner of the Z;(10650) at the 2mp+ theshold. The transition between a mp + mp+ threshold state
to the T(1S) would have a Q-value of ~ 1145 MeV, well above the mass of the p and w mesons.
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Few comments on molecules VS compact 4quarks - 11

> However there are states , for istance Z(4430)*, Z, and Z, which are far from
thresholds !

Other weak point of the molecular interpretation have been already mentioned
[for istance the radiative decays of X(3872)].

> Another strong argument against the molecular model is the following
(see also talk by Piccinini this morning):

The size of the X(3872) as a DD” molecule is determined by its scattering
length which in turn depends upon the binding energy; the size turns out
tobe ~ 10+15fm .

In other words X(3872) would be a large & fragile molecule with a miniscule
binding energy.

Therefore the question is : why would its production characteristics in high
energy pp collisions match those of the nearly pointlike and tightly bound v/’ ?
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Few comments on molecules VS compact 4quarks - I1I

> On the countrary one attractive feature of the compact 4quark model is that it
can explain in a natural way the large partial widths for transitions such as:

Y (4260)— J/yr'n~  Y(3940)— J/yw Z(4430)" — y'n*

> In the new diquark/anti-diquark paradigm [Maiani et al., PRD89 (2014) 114010] in
which dominant interaction are between (anti)quarks in the same (anti)diquark :

v I/’— . \\‘\\ - - -
e — Z,:(4020)°—>hc(1P) =]} — | The pattern of X(3872), N?L:‘tralgls?fglypm‘i'!t'plet
50 - 7,(3900), Z.(4020), |  ___.. » Wit - -
; o +o ok s e i s T I
S o S [2.G900)" = Jjy = is unde—[s:t:)_ciq _______
. — 1| T Prediction for radial Z.(3900)° is the neutral
| excitation Z(4430) - isospin partner of X(3872);
w0, Maiani, Picdinini, Polosa, Ri . .
PRDSO (204) 114010 Z.(3900)+ is its charged partner;
oo g 1+ p+ Afullnonetforeachlevel| 7(4430)+ is its first radial excitation.
JPC is expected *
We need a mechanism that disfavors the formation
of the unobserved states Black disks represent the X(3872), Z(3900) and Z(4020)|Charge conjugation is given by’ | *The formula holds for states with L — 0, L being the relative

masses. The C quantum number is the charge-conjugation orbital angular momentum of the diquark-antidiquark pair; for

i = (=1)t5a
eigenvalue of the neutral component of the multiplet. C = (—1)satse, Igenml L the formula is C = (-1) .
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Inclusive searches for prompt production @ LHC ?

> Reminder: X(3872) production - in pp(pp) collisions - predominantly (~80%) prompt

» Considering the prompt hadroproduction of the charged hidden charm/beauty states (with a
minimal 4-quark content, e.g. cucd / bubd for posit. charged) Z=(3900), Z*(4020), Z:(10610), Z;(10650)
and assuming them to be S-wave hadronic molecules (as pairs of heavy mesons), ...

.. Guo et al. [1] provide the following integrated normalized production cross sections:

Table 2 Integrated normalized cross sections [1] Guo, Meissner, Wang,
(in_units of nb) for the reactions pp/p — Commun.Theor.Phys, 61 (2014)
Zy(10610), Zp(10650), Zo(3900), and Z.(4020) at
the LHC and the Tevatron. Results are obtained
using Herwig (Pythia). The rapidity range |y| < 2.5
has been assumed for the LHC experiments (ATLAS
and CMS) at 7, 8 and 14 TeV, respectively, for the
Tevatron experiments (CDF and DO0) at 1.96 TeV, we
use |y| < 0.6; the rapidity range 2.0 < y < 4.5 is used
for LHCb. p— "
Zy(10610)  Zy(10650) | zc(3900)' Zo(4020)
Tevatron 026 (0.47) 0.06 (0. 17): 1 (13) 1 1.7 (2.0)
LHC7 48 (80) 12 (30) | 187 (211)i 29 (31)

S 20n20%105 - |geemnnnas LHCb7 076 (19018 (0.47)} 33 (39)§ 55 (59
~4.4%10° LHCS 59 (05) 14 (35) (220)(240)f 34 (3¢ CMS = 5 x LHCb
but then ... LHCb8 00 (1.4) 022 (056)1 40 (JS)E 63 (69)

E!“ﬁ“;ati;a' cuts & LHC14 11 (17) 2.6 (65)
igh backgrounds ! LHCb14 19 (30) 052 (1.2N_ 84 (88)3 14 (14)

» Inclusive analyses of ~broad states in high background environment are difficult !
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4-quarks bound systems : extentions?

» So far we have discussed how ... many of these states have a minimal quark content
of 4 quark, and regardless the way they are organized and interacting [compact
system or molecular system? if compact: diquark-antidiquark or quark-antiquark
pairs?] they can be considered 4-valence quarks bound systems. For istance:

Y(3872) ccuu
Y(4140) CCSS

Z2(4430)* — 7 Z.(10610)* 1.7
223900§+ ccud Zz§10650;+ bbud

> Note that these systems contain 2 heavy quarks + 2 light quarks.
However nothing prevents from thinking about 4-quark systems
composed by all 4 heavy quarks :

ccce ccbb bbbb

Reference: Berezhnoy et al., PRD 84 (2011) 094023
PRD 86 (2012) 034004
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Double-bottom baryons (bbq) & double bottom tetraquarks ?

> Arguments in favour of their existence provided by Karliner et al. [arxiv:1401.4058; PRD 90 (2014) 094007] :

Hadrons containing two b quarks, such as double-bottom barvons bbg or bbgg and bbgq
tetraquarks have a unique and a spectacular decay mode with two J/i-s in the final state.
It 1s mediated by both b quarks decaying via b — ¢cs — JfPs and yields

(bbg) — JfbJfb(ssq) = JWIN E (3)
and
(bbaq) — JAb Jfb(ssaq) = JW I K K, (4)
as well as
(bbaq) — JAb Jfb(ssqq) = JW I K K, (5)

etc., with all final state hadrons coming from the same vertex. This uniqug signature is
however hampered by a very low rate, expected for such a process, especially if one uses
dimuons to identify the JAi-s. It is both a challenge and an opportumty for LHCb |25].
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Conclusion First Part (4-quark systems)

> The XYZ mesons are unexpected mesons discovered since 2003
that contain a heavy quark-antidiquark pair and are above the
open-heavy-flavour threshold (open-charm/open-beauty).
More than a decade has elapsed since the discovery of X(3872)

and no compelling explanation for the pattern of the XYZ mesons
has emerged.
Models for XYZ Mesons
» Models for the XYZ mesons can | %@
be classified according to their
constituents and how they are LS
clustered within the meson. /
None of these models has ‘ .
rroven to be very predictive for N e ,..,li § AN

the pattern of XYZ mesons. a8 b N ZH.

i
It’s
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a Snake!
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It's desirable to have a theoretical framework based on QCD that
describes all or - realistically - the majority of the XYZ mesons.
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