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Exotic landscape
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Exotic landscape

In last ten years a lot of exotic resonances that do not fit
the quarkonium model have appeared

Nowadays, the most assessed are

e X(3872), J°¢ = 1**, no charged partners, huge isospin violation
Z.(3900), J°¢ = 1%, charged state

Y (4260), J°¢ = 177, no charged partners

Z,(10610) with JP¢ = 1%, charged state
Z;(10650) with J°¢ = 117, charged state

A convincing comprehensive framework
which includes all these states is still missing




Proposed models

Molecule of hadrons (loosely bound)

1.

8, Glueball & Hybrids
® %c (with valence gluons)

8, xX8.€1,

...or a superposition of all these

e
3, ®

3. X3, €1,
Diguark-antidiquark
(tetraquark)

Hadrocharmonium
(Van der Waals forces)
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Z.(3900)

Found in Y(4260) - ZX(3900) T = J/Yy nt «

Exotic charged charmonium-like state! 1¢JP¢ = 171%~ (tbc)
(note that the DD™ threshold is at 3876 MeV)

BESIII, PRL110 (2013) 252001 Belle, PRL110 (2013) 252002
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Z.(3900)

Found in Y(4260) - ZX(3900) n* = J/Yy nt ¥

Exotic charged charmonium-like state! 1¢JP¢ = 171%~ (tbc)
(note that the DD™ threshold is at 3876 MeV)

BESIII, PRL110 (2013) 252001 Belle, PRL110 (2013) 252002
M = 3899.0 + 3.6 + 4.9 MeV M = 3894.5 + 6.6 + 4.5 MeV
['= 46+ 10 + 20 MeV ['= 63 + 24 + 26 MeV
el DDOTIY —+ Data | 701 l

BESIIl on arXiv:1310.1163

Y (4260) > Z,.(3885) T » DD*1
M = 3883.9 + 1.5 + 4.2 MeV
[=248+ 3.3+ 11.0 MeV

s Z.(3900) = Z.(3885)?

Events / 0.01 GeV/c?

Vo e J7) (GEV/CT) Vo 7Y (GEV/CT)



Tetraquark

One of the models for the X(3872) is a compact
diquark-antidiquark bound state

lcqls=0lCqls=1 + h.c.

Maiani et al. PRD71 014028

We can evaluate mass spectrum in a constituent quark model
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Tetraquark
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DD*

{ DD

17~ state at 3882 MeV
compatible with Z,.(3900)!

Prevision for other states:

e Neutral I = 17 partner ~
3900 MeV

e Neutral I = 0~ partner ~
3900 MeV

e Charged/neutral 17~ states ~
3755 MeV

e Lookfora Z.(3760) about ~ 100 MeV below Z.(3900)
* Look for the prominent decay Z.(3900) — n.p




Events/0.01 GeV/c?

Combined BES-Belle fit

Is there room for a lighter resonance?

DD~ D*D~

(S ) I o))

B

Faccini, Maiani, Piccinini, AP, Polosa,
Riquer PRD87 (2013) 111102

M = 3890 + 6 MeV
[[ =62+ 12 MeV

M' = 3836 + 13 MeV
" =30+ 18 MeV

3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05
Mo (/) (GeV/c?)

Ag = (109 + 30)°

¥2/DOF=41/65, CL = 99.0%
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Combined BES-Belle fit

What about the D*D* molecule?

DD* D*D*

[<o]
o

Faccini, Maiani, Piccinini, AP, Polosa,
Riquer PRD87 (2013) 111102

[0}
o

“o 70

=

$ e M = 3895 + 3 MeV

S 50 Lot

S w [ = 48 + 8 MeV

g % M' = 4023 + 6 MeV
20 Zé

" =134 26 MeV

03.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 l 14.05'; = A¢ = (196 i 77)0
M, .., (=J/y) (GeV/c?)

¥2/DOF=47/65, CL = 95.0%

But Nature is malicious... 11



7!(4020), Z.(4025)

BESIII, arXiv:1308.2760 BESIII, arXiv:1309.1896
Y(4260) - Z.(4025) T —» D*D*m Y(4260) —» Z/(4020) 1 - h.nn
IG]PC =g IG]PC = 1+1¢—
M = 4026.3 + 2.6 + 3.7 MeV M = 40229+ 0.8 + 2.7 MeV
[ =248+ 56+ 7.7MeV =794 2.7+ 2.6 MeV
801 4 data  —- Z,(4025) < 1200
& 70F — total fit - comb. BKG S
g 605 -.-- PHSP signal 3 1000
© Uf 0 B
QN :;:" 60:
o 3 ; ¥ 4.0 h b
40: + M., (GeV/c?)
T R RE B Lo . 20;
40z 404 4.06 4.08 P05 400 405 410 415 a5uus
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7!(4020), Z.(4025)

BESIII, arXiv:1308.2760

Y(4260) > Z.(4025) = - D*D*x

IG]PC = 1+ 1+—

M = 4026.3 + 2.6 + 3.7 MeV

['=248456+7.7MeV

BESIII, arXiv:1309.1896
Y(4260) - Z.(4020) 1 - h.nn
IG]PC B 1+1+—

M = 40229 + 0.8 + 2.7 MeV
[=79+2.7 1 2.6MeV

80 —-data  —- Z,(4025) < 190F
—~ _ o 120
NQ 70j — total fit - comb. BKG > B N»:\mL F
> 6q : :
2 0 Z. decaysinto h. (s, = 0) in P-wave
D Z/ should decay more into 1. p (S, = 0) in S-wave
>~ 30 : — : :
2 If Z . isa D*D* molecule, it contains a s, = 1 component, 4.1
S of . c ' _ cc o eV/c?)
3 g 1t should decay into J /Y m in S-wave, where is it?
| S R " .
402 404 406 408 9 i o
_ , 95 400 405 410 415 420 425
RM(r) (GeV/c?) M, (GeV/c)



X,Z., Z.: summary

Molecule Tetraquark
v’ The states are near v’ The pattern is simple,
thresholds based on SU(3)
v’ Large decay into open charm X Many states are missing,
x Dynamical effects make the in particular charged
pattern obscure partners of X(3872)
% How to justify bound states x Who is Z,(4025)?

with positive binding energy?




drl'y/gnn/dAMy/gr (Events)

X,Z., Z.: summary

Ve I(JF%) States Thresholds Masses (A = 0.5 GeV) Masses (A =1 GeV) Measurements
Cox 0(17™) ﬁ{mr - DD 3875.87 3871.68 (input) 3871.68 (input) 3871.68 £ 0.17 [33]
02" %) D*D* 1017.3 1012°+3 1012+,
0(1**)  5(BB* - B"B) 10604.4 105807 10539735 ?
0(2+") B*B* 10650.2 1062675 10584723 ?
0(2%) D*B* 7333.7 732219 730815 ,
Coz 1(177) \l____,qBB‘ + B" B) 10604.4 10602.4 £ 2.0 (input)  10602.4 + 2.0 (input) 10607.2 £+ 2.0 [5]
10597 £ 9 [34]
rome R Rt 10650.2 10648.1 & 2.1 10648.173:1 10652.2 £ 1.5 [5]
10649 + 12 [34]
«BES III D*D) 3875.87 387111, (V) 3837111 (V) 3800.0 £ 3.6 + 4.9 [24]
—Total (a) 3804.5 £ 6.6 £ 4.5 [25]
1017.3 4013*1, (V) 3083735 (V) '
7333.7 7333.6" , 5 (V) 7328+%, (V) ?

Nieves et al. PRD88 (2013) 054007

Hanhart et al. PRL111 (2013) 132003

In all calculations, molecular resonances are at or below threshold.
Is there a mechanism to push a bound state above threshold?




Feshbach resonances

Papinutto, Piccinini, AP, Polosa, Tantalo arXiv:1311.7374

In cold atoms there is a mechanism that occurs when two atoms
can interact with two potentials, resp. with continuum and discrete spectrum

Open charm (molecule) potential
HpYp = Epp

(continuum levels)

Open charm
threshold

16



Feshbach resonances

Papinutto, Piccinini, AP, Polosa, Tantalo arXiv:1311.7374

In cold atoms there is a mechanism that occurs when two atoms
can interact with two potentials, resp. with continuum and discrete spectrum

Closed charm (hadrocharmonium) potential
Hog = Eqiq

eg.J/Yp
\

Same quantum numbersas DD7,
he operators mix under renormalization

N2

Interaction between channels

17



Feshbach resonances

We add an interaction Hamlltonlan Hyp so that

2
axap+CY (s IHQplt/Jth - au, — ¢ |(reslHoplpun)

Eth V

/

V=Epes — Egp
Qpenchariiss =\

threshold

18



Feshbach resonances

We add an interaction Hamiltonian Hyp so that

=~ anp — C
= NR ¥y

omapr ey bl [relorlen]

Broad resonance (

Narrow resonance (X (3872))
Open charm

threshold

We estimate I < /v

no resonance (X )

19



Feshbach resonances

The Hadrocharmonium spectrum is unknown,
it can be deduced from the mass of the resonance,
otherwise one can naively expect My, = M.z + Mlight

We impose a cutoffonvand [, < v

Charm sector

Hadroch.

Open channel MHch (MeV) |v (MeV) | [¢]FC name
D*YD? J/v pY 3872 0 [1-1*tt| X(3872)
D**DY Y(3770) wt 3900 24 |11t~ | Z.(3900)
Pty h.(2P) ©t (P-wave) 4025 8 |1t1t~| Z.(4025)

The vector state Y (4260) does not fit this scheme - Hybrid?

Hadron Spectrum coll. JHEP 1207 (2012) 126, see also Santopinto et al. PRD78 (2008) 056003

20



Feshbach resonances

X(3872) should beal =1 state, but M(J/y pt) < M(D**D?)
No charged states, isospin violation!

to extract A = 10 + 5 MeV1/2

(still large errors...)

Bottom sector

If we assume I' = A+/v, we can use Z.(3900) as input

This value is compatible for all resonances

Open channel Hadrobott. MHbt (MeV) |v (MeV) | 1¢]P¢ name
BB ¥o(1P) p* (P-wave) 10610 3 |[1%t1%t7|Z,(10610)
B**B*Y Xpo(1P) p* (P-wave) 10650 1.8 |[171%7 | Z,(10650)

We remark that I'(Z,) /T (Z,) = 0.63, v(Zp) /v(Z,) = 0.77

21



BR(B.—T; D7)

Doubly charmed states

Another approach to choose among models,
is to predict states who fit only in one model

For example, we proposed to look for doubly charmed states,
which in tetraquark model are [cc]s-1[qq]s=01

These states could be observed in B, decays @LHC
Esposito, Papinutto, AP, Polosa, Tantalo, PRD88 (2013) 054029
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Doubly charmed states

Another approach to choose among models,
is to predict states who fit only in one model

The doubly charged state T, ™ = [CC]5=1[CZ§]S=O

could not be explained in the molecular picture
because of the Coulombian repulsion.

If M(T,) > 3979 MeV the state could decay into D** D
and could be seen @LHC

This state is particularly well-defined on the lattice,
because no disconnected diagrams are involved.

The calculation is ongoing...

23



Doubly charmed states

Just started the analysis of correlators (01 (x)OlJr(O))
where 0; = €4y cPecpr (diy>s? — 5Cy>d?D)
is the interpolating operator of a J© = 1% tetraquark

Guerrieri, Papinutto, AP, Polosa, Tantalo, work in progress

s ]

It . } 4
OOOOOOOOOO & 1;9§§§% o

al ]

Simulation with a 323 X 64 lattice, ny = 2, m; = 500 MeV

| ol .
n E 10 13 bui
an

Lischer’s method is to be implemented

24



Conclusions

The study of exotic resonances in heavy quark sector
is still puzzling

* The tetraquark picture predicts Z.(3900), but misses Z.(4025)

* The molecular picture has troubles with above-threshold states and
production mechanisms

* Look for missing states and decay modes who can help
in excluding models

e Explore new production mechanisms to take into account at- and
above-threshold states (see F.Piccinini’s talk!)

* Propose and search new states who can falsify some models

Thank you

25
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Counts/10 MeV

79(3900) at CLEO?

A reanalysis of CLEO data shows a 30 neutral resonance in

Y(4160) - 22 - J/Y n° ¥

10
- ¢ Data M(Z2(3900))=3906.5+11.6 MeV
9t --- Phase Space
8 — Fit
52— * [ ] ®
af- le-l
32— | ¢ o8 *e |9 (2K}
2F b
12— ‘ ‘ - .
P (Y [ NP (N [ U Y (PO IR N B
%600 3700 3800 3900 4000
M(=%J/y) (MeV)

Xiao et al.
arXiv:1304.3036

M = 3907 + 12 MeV
I' =34 £ 29 MeV

Isospin violation?
Look for Z¢ — J /Y n

27



Decay channels

Two questions:

 Why is Z.(3900) much broader than X(3872)?

J/y ™
YRSt
Dt D*0 D*t DO < 4 MeV

We suppose
.« 1. ,0+ PP

Ypp*x(3872) = YpD*Z(3900)

28



Decay channels

Two questions:

 Why is Z.(3900) much broader than X(3872)?

J/Y T ~ 29 MeV
Y(2S)nt ~ 6 MeV No grounds for other couplings

D* D0 D**+ DO ~ 4 MeV We only suppose
’ — M
n.pt ~ 19 MeV Y 2

Some agreement with QCD sum rules
Dias et al. arXiv:1304.6433

[' ~ 60 MeV, agrees with experimental value

29



Other models

Hadro-charmonium

Voloshin arXiv:1304.0380

# ]/ A cc state surrounded by light matter

Decay into n,. p forbidden by HQSS

A light Z.(3785) expected with [¢J°¢ = 1-0*
(not visible in J /1Y  channel)

30



Other models

Molecule

D* Wang et al. arXiv:1303.6355
g € s Do DD loosely bound molecule

: ' 1-m exchange attractive in I = 1~ channel,

although less thanin I¢ = 0% (X(3872))
Torngvist Z.Phys. C61 525-537
A molecule decays mostly into its constituents
(long range decay)

Decays into charmonium + light mesons
suppressed by 1/a (short range decay) Braaten et al. PRD69, 074005

e.g. BR(X(3872) —» DD*) ~ 70%, BR(X(3872) - J /1 p) ~ 5%

31



Other models

Molecule

D* Wang et al. arXiv:1303.6355
\\’i Do DD loosely bound molecule

1-m exchange attractive in I = 1~ channel,

' although less thanin I¢ = 0% (X(3872))
Torngvist Z.Phys. C61 525-537

Expected with BR(Z. —» DD*) ~ 70-80%
But we estimated I'(Z. - DD*) ~ 4 MeV,
How to reach I' = 40 MeV?

A light Z.(3760) expected with [¢JP¢ = 170* o
A heavy Z.' (4020) expected at D*D* threshold PRD 84, 031502

32



Other models

Molecule

Z2(3900) could violate isospin just like X (3872)
AY(4260) > Z2 n° - J /v n n° could occur

If so, it cannot be accomodated into molecular picture:

In X(3872) isospin violation is due to
A =M(D*D™*) — M(D’D?) ~ 8 MeV
Hanhart et al. PRD85 011501

Z? is above both thresholds, and A & T

In molecular picture Z2 should be a pure isovector

33



Strong couplings

How do we evaluate gpp+x(3872)?

*

=
; p -
ggD*X(3872) = BR(X -» DD") Iy (87TM2 |M(X —» DD )|2)

X

But if My < Mp + Mp+ the decay momentum p™ is undefined

We average over a random set (My);, distributed as a Breit-Wigner,
centered at My = 3872 MeV and with a width I'y = 1.2 MeV
respecting the kinematical limits

MD +MD* < (Mx)i < MB _MK

We get gDD*X(3872) o 25 GeV

34



Strong couplings
The matrix element can be evaluated in an effective theory

(D(p) D*(, )|1X (A, P)) = gpp*xn - A

1 : 1 D
=D D®) D*(n, DX PHI = 39355 3+

X
pol

The D-wave componenent is negligible with respect to the S-wave one

We get gDD*X(3872) = 2.5 GeV

35



Strong couplings
What about other couplings?

We cannot relate gxy, t0 9z yx
(no chiral symmetry or HQSS)

But we are talking about S-wave decays
and we need couplings with the dimension of a mass

The main mass scale is the mass of the Z,.(3900)
So we estimate

g ~ Mz~ 3900 MeV

36



Prompt production of X(3872)

a(nb)

X(3872) is the Queen of exotic resonances
The most popular interpretation is a D°D°* molecule

But the binding energy is Ez = —0.14 £+ 0.22 MeV: very small!
A simple square well model shows that k.o = 50 MeV

How many pairs can we produce at hadron colliders

with such a small relative momentum?
Bignamini et al. PRL103 (2009) 162001

|||||||||||||||||||||

| Pythia 22 pP>2 :: £=100 nb™)

We obtain
o(pp » DD*) =~ 0.1 nb @+/s = 1.96 TeV

Experimentally
o(pp - X(3872)) = 30 nb!!!

Would-be-molecules

: here! f
A — e Molecule challenged!!!

0.0° 0.2 0.4 0.6 0.8 1.0

k. (GeV) 37



Prompt production of X(3872)

A solution can be Final State Interaction
(rescattering of DD7)...

Artoisenet and Braaten PRD81 (2010) 114018

kAVAVAVeva Ve
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Prompt production of X(3872)

A solution can be Final State Interaction
(rescattering of DD7)...

Artoisenet and Braaten PRD81 (2010) 114018

...but the application of Watson Theorem is spoiled by the presence of pions
that interfere with DD™ propagation, Bignamini et al. PLB684 (2010) 228-230

(FSI have been used also by Meissner et al. arXiv:1308.0193 to estimate
Z. and Z;, prompt xsects, but the application to above-threshold states is unclear)

39



A new mechanism?

However, these pions can elastically interact with D(D™),
and slow down the pairs DD"

/DO Esposito, Piccinini, AP, Polosa arXiv:1305.0527
T .

DO
0’

The mechanism also implies: D mesons actually “pushed” inside
the potential well (the classical 3-body problem!)

X(3872) is a real, negative energy bound state (stable)
It also explains a small width I'y ~ I'y« ~ 100 keV

40



o [nb]

o [nb]

A new mechanism?

120
- HERWIG :: pp — full-QCD
100 — lyl<t :: 5.5 <p <20 GeV
8o
B — 0 scatt.
60— — 1 scatt.
40— — 3 scatt.
20—
0 1 11 I 1111 ‘ 111 | 1111 I 1111 I 1111 11 I
0 2 3 4 5 3 7 3 10
k, [GeV]
1001~ PYTHIA :: pp — full-QCD
i lyl<1 :: 55< pl< 20 GeV
80—
B — 0 scatt.
60— — 1 scatt.
i — 3 scatt.
40—
20—
0 1 11 1 | 111l I 1 11 1 | 111l I 111 1 I 1111 111 | — |
0 1 2 3 4 5 6 7 8 10
k, [GeV]

o [nb]

o [nb]

OIIIlllllllllTlllllllllllllIWI}IWI
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@
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w
o
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o

N
o
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o

o

HERWIG :: pp — full-QCD
lyl<1 :: 5.5 < p,< 20 GeV

— 0 scatt.

— 1 scatt.

— 3 scatt.

III|1III|IITI1IITI}IIIIIIIIIIIIIII

o
o
n
o
N

PYTHIA :: pp — full-QCD
lyl1 :: 5.5<p <20 GeV

— 0 scatt.
— 1 scatt.

— 3 scatt.
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A new mechanism?

A. Esposito HERWIG PYTHIA

kg 50 MeV 100 MeV | 50 MeV 100 MeV

No. of events | 0 scatt. 52 253 240 1560
1 scatt. 44 299 283 1984
3 scatt. 843 2069 4843 11679
4 scatt. 1166 2802 6489 14916
5 scatt. 1689 4167 7770 18284

o [nb] 0 scatt. 0.10 0.50 0.13 0.83
1 scatt. 0.09 O;E:CJ 0.15 1_.95
3scatt. | 167 {4103 | 257 {6203
4 scatt. 2.31 5.5.5 3.44 .7.29.2
5 scatt. 3.34 8.25 4.12 9.71

Striking increase of o
after each scattering!

Down by a factor 5-7
wrt gexp = 30 nb,
further increases with
4-5 scatterings

42



Tuning of MC

Monte Carlo simulations A Eseesite

*  We compare theDOD*_ pairs produced as a function of relative
azimuthal angle with the results from CDF:

35 ; : 3.5F v
30 CDF data ] CDF data -
=>-Ur HERWIG :: pp — cT ! 1 3.01 HERWIG :: pp — full-QCD e
i’;‘l}zs . PYTHIA . pp — T @ : -g-‘ 257. . PYTHIA :: ,""f““‘ l‘ll“*(\}(‘l) ° - The C-Cbar run
= 0 .. .z ; = [ - i
E 20 ;—) h I\“\dl“ 25:pl<2200f:\\ - //, -E, 20:_ DY Jyl<l i 5.5<p, <20 GeV . UnderStlmate
T yl<l s 5.5<p . < eV . o /. 1 [ / -
1.50 g BN [ D" i yl<] i 5.5<p, <20GeV {‘ . :
510 _ A5 X 7 - the low angles
£ 1.0 t s B \ : -
® ol | o S o P - (low-k,) region!
- ‘ H —+—0. - 1 I ~ -
e 1 t - ) e :
000 & & & 8 o o ° | i g ¢ |
0 50 100 150 0 50 100 150
A¢ [deg] A¢ [deg]

Such distributions of charm mesons are available at Tevatron
No distribution has been published (yet) at LHC
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