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Quarkonium orthodoxy

Heavy quarkonium sector is extremely useful

10 for the understanding of QCD
Potential models
(meaningful when M, — oo)
CF“S
V(r) = — + or
(Cornell potential)
as(My) ~ 0.3

(perturbative regime) Solve NR Schrodinger eq. = spectrum

OZl-rule, QCD multipole Effective theories

(HQET, NRQCD...)

Heavy quark spin flip suppressed by quark mass, Integrate out heavy DOF

approximate heavy quark spin symmetry (HQSS) J
(spectrum), decay & production rates

A. Pilloni — Modeling new exotic XYZ states at JPAC 3



Quarkonium orthodoxy?

Y (4660)
4500 1 (4415)
Y (4360)s =— y-(4200 X (4350)
7 (1260 ) ﬁygzmo% DD;
X (4160) — 4 (4160) —— Y {4140)D: D3 A host of unexpected
' — Y(4008) et (2P) 2°Do gig;; resonances have
o 100 11e(35) 4)(4040)_~<— Y(3915) % — D,D, appeared
€ K (3940)4573770) ho2P) X(3872)Xc2(2P) 1 DD
= 1e(25) = 1=Ds PP decaying mostly into
4 ¥(2S) — charmonium + light
- hc Xel ©
Xc0 -
Hardly reconciled
with usual
20001 J /1) charmonium
Me interpretation
JPC O—I+ 1—I— 1-5:— 0-0:-0- ]_-il-+ 2-§I-+ 2—I+ 77
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X(3872)

e Discovered in
B->KX-]J/Yynn

e Very close to DD* threshold

* Too narrow for an above-treshold
charmonium

* Isospin violation too big
rx-J/Y w)
~0.8 + 0.
r(x-J/y p) 0810.3
* Mass prediction not compatible
with .1 (2P)

M = 3871.68 £ 0.17 MeV
MX = MDD* - _3 i 192 keV
< 1.2 MeV @90%,JF¢ = 1%+

) = ows ]
@ w(@s)  a) data 8 AN L=4.8\fir‘ o
300 I ‘_g \ ly| < 1.2
> — [ N —LONRQCD |
8 m r i \\ . —LO NRQCD uncertainty 1
o r F oAl ‘ \ 7
5 200 - gt NS
o \,—. C -
2 B8 §
g r SO
D 100 ®B°
L g
X(3872) 7 10-2 - =~
A i z %
P N
0 T DD RTINS
0.40 s 0.80+_ 1.20 10 15 20 o5 30
M7 I°T) - M(T) (GeV) pT(J/l|l nt ) [GeV]

Unexpected large prompt production
at hadron colliders

opr X B(X = J/ymr) = (1.06 + 0.11 + 0.15) nb
CMS, JHEP 1304, 154
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Charged Z states...

Charged quarkonium-like resonances have been found, 4q needed

4500 Z(4430)

(MeV)

Mass

4000
Z,(3900)

, Z5(4250)
7,(4200) —

Z,(4020) Z1(4050)

DDy
D*D?

D.D?
D" D"
D.D.
DD*

DD

Two states J°¢ = 1t~ appear
slightly above D™*)D* thresholds

ete™ - Z.(3900)*n” > J/Yy n*n~ and - (DD*)* ™
M = 3888.7 + 3.4 MeV,I' = 35 + 7 MeV
ete” - 7.(4020)*r~ - h,w*n~ and » D*°D**¢~
M = 40239 + 2.4 MeV,I' = 10 + 6 MeV
Similar system in bottomonium

JF 1+

IG]PC — 1+1+—

M = 4475 + 7%12 MeV
=172+ 13%3]MeV

Far from open charm
thresholds

Z(4430)* > Y(2S) n*

V2
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Candidates / ( 0.2 Ge

1000~

...Y vectors,
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Tetraquark

In a constituent quark model, we can think of a
diquark-antidiquark compact state

lcqls=0lcqls=1 + h.c.

Maiani, Piccinini, Polosa, Riquer PRD71 014028
Faccini, Maiani, Piccinini, AP, Polosa, Riquer PRD87 111102
Maiani, Piccinini, Polosa, Riquer PRD89 114010

Spectrum according to color-spin hamiltonian
(all the terms of the Breit-Fermi hamiltonian are
absorbed into a constant diquark mass):

= bk

- zmdq +ZZK” S
<j

Decay pattern mostly driven by HQSS

Fair understanding of existing spectrum
A full nonet for each level is expected *

4050

4000 -

3950 -

%)
=4
[=}
o

w
o
[~
(=}

Mass (MeV)

w

3

wn

S
T

3700 -

3650

3600

3¢
——
. S
——
0+t 14+ 1-‘+— 2-F+

New ansatz: the diquarks are compact objects

spacially separated from each other,

only k. # 0

Existing spectrum is fitted if k., = 67 MeV
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Tetraquark: new ansatz

Maiani, Piccinini, Polosa, Riquer PRD89 114010

JFPC  eqeg ct qq Resonance Assig.  Decays
ot+  ]0,0) 1/2]0,0) +v/3/2|1,1)0  Xo(~ 3770 MeV)  ne, J/v» + light mesons >,
ottt (1,10 V3/2(0,0) — 1/2|1, 100 XA(~ 4000 MeV) 7, /b + light mesons B.L
TH1VR(L,0) +0,1) (1,1 X, = X(3872)]  Jf + p/w, DD AH = >
1t 1/v2(]1,0) —10,1))  1/v2(]1,0) —10,1)) Z = Z(3900) Iy + 7, he/ne +7/p -
1) 1/v3(|1,0) +10,1)) | Z’ = Z(4020) T + 7, he/ne +7/p —2al-S
2Tt ]1,1)2 |1, 1)2 X2(~ 4000 MeV)  JAp + light mesons
L=1 P(Scec=1):P(Sce =0) Assignment Radiative Decay
Y, 11 Y (4 X
J { 1 3 (4008) v+ Xo
Ys 1:0 Y (4260) actually observed
h, T <= Y3 1:3 Y (4290)/Y (4220) v+ X BESIII PRL 112,
+A— .
ATA; = Vi 1:0 Y (4630) v+ Xo 092001
SOV

Radial excitations
Z(25) = 7(4430)
Y, (2P) = Y (4360)
Y,(2P) = Y (4660)
Decay in Y (2S) preferably

Mz(4430) = MZC - 586t%g MeV
to compare with charmonium

3600

3400

589 MeV

3200

3000
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Prompt production of X(3872)

X(3872) is the Queen of exotic resonances, the most popular interpretation
isa DD molecule (bound state, pole in the 15t Riemann sheet?)
but it is copiously promptly produced at hadron colliders

\_

Oy (PP = X(3872)) =~ 30 — 70 nb!1!

— R

Pythia (2-2 :: yP™>2 :: £=100 nb™")

3| (CDF acceptance)

Would-be-molecules

[ / are herel
Q.-l ‘. P N S S T S S | N

00" 0.2 0.4 0.6 08 1.0

oyc(Pp - DD* |k < kppgy) = 0.1 nb

Bignamini et al. PRL103 (2009) 162001

fn‘ )
A solution can be FSI (rescattering of DD™),
which allow k,,,, to be as large as 5m,,

o(pp - DD* |k < kygy) = 230 nb
Artoisenet and Braaten, PRD81, 114018

However, the rescattering is flawed by the
presence of pions that interfere with DD*
propagation. Estimating the effect of these

pions increases o, but not enough
Bignamini et al. PLB684, 228-230
Esposito, Piccinini, AP, Polosa, IMP 4, 1569

/

\Guerrieri, Piccinini, AP, Polosa, PRD90, 03400/3{9




Prompt production of X(3872)

X(3872) is the Queen of exotic resonances, the most popular interpretation
isa DD molecule (bound state, pole in the 15t Riemann sheet?)
but it is copiously promptly produced at hadron colliders

e )

Pythia (2-2 :: yP™>2 :: £=100 nb™")

3| (CDF acceptance)

Would-be-molecules

[ / are herel
Q.-l ‘. N [ SR N

00" 0.2 0.4 0.6 08 1.0
k.. (GeV)

oyc(pp = DD*|k < kyq,) = 0.1 nb
Gexp(pﬁ — X(3872)) = 30 — 70 nb!!!
Bignamini et al. PRL103 (2009) 162001
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 (rescaled from Pb-Pbj

3
1_Tﬂ] I\IHHT‘ HHTlTl" \IHIlTTl

Deuteron @ALICE \

¢ X(3872) @CMS

Hypertriton @'?\L-l@ii\

,
\ Ras=5 o
Lo b v by ey I

o

Also, a comparison to light nuclei does not
favor the X (3872) to share the same nature

\ Piccinini, AP, Polosa, Riquer, PRD92, 034028 g

5 10 15 20 2t
p (Gev)

Esposito, Guerrieri, Maiani,




Hybridized tetraquarks

Esposito, AP, Polosa, PLB758, 292

Feshbach mechanism occurs when two atoms can interact with two potentials,
resp. with continuum ("molecule") and discrete (4q) spectrum = hybridization

Let P and Q be orthogonal
subspaces of the Hilbert space

H :HPP+HQQ

We have the (weak) scattering length
=== | (p IN the open channel.

Energy (MeV)

We add an off-diagonal H,p

[l Hop lwe)|”
s CZ Fo—b e

~ a1 =
a”( 5—E+ie)

Distance r (fm)
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Hybridized tetraquarks

Esposito, AP, Polosa, PLB758, 292

X(3872) should beal = 0 state, but M(17") < M(D**D"7)
6 < 0,soa > 0 - Repulsive interaction
No charged component, isospin violation!

dgp 80:

dl' = p v 0y ~5(E—5)|;cap|7 70F

[ ~V2mlkap| V& = AVS o0F-

50

E < E, 4, With E,, ;.. estimated by 2-; 402—

diqurkonium potential to be = b

e ~ 20 MeV for charmonium -
e ~ 40 MeV for bottomonium 205_2.

10—

The closest threshold below the state Oi_,

dominates the interaction
o (MeV)
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Hybridized tetraquarks

Esposito, AP, Polosa, PLB758, 292

The model works only if no direct transition between closed channel levels can occur
This prevents the straightforward generalization to L = 1 and radially excited states

(like the Y's or the Z(4430))

In this picture, a [bu][5d] state with
resonance parameters of the X(5568)
observed by DO is not likely

I (MeV)

Also, one has to ensure the
orthogonality between the two
Hilbert subspaces P and Q.

This might affect the estimate for
the Y(4140)

50

40

30

20

[llllllllllllH|IIII|IIII

H[Illlllllll

N
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Production & Feshbach?

Going back to pp(p) collisions, we can imagine hadronization to produce a state

¥) = allqQl[gQ]), + BI(@DQQ)), +¥I(@Q)(QD),
% ) T

If 5,7 > «, an initial tetraquark state T
is not likely to be produced

The open channel mesons fly apart
(see MC simulations)

If Feshbach mechanism is at work, an open state
can resonate in a closed one

No prompt production without Feshbach resonances!

Note that only the X(3872) has been observed promptly so far...
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An update of JPAC activities

The Joint Physics Analysis Center was created in 2013 to support the

extraction of physics results from analysis of experimental data

* This is achieved through work on theoretical, phenomenological and
data analysis tools.

* JPAC aims to facilitate close collaboration between theorists,
phenomenologists, and experimentalists worldwide.

 0(10) ongoing analyses

Faculty Postdocs Students

Mike Pennington (JLab) Vladyslav Pauk (JLab) Astrid Blin (Valencia)

Adam Szczepaniak (IU/JLab) Alessandro Pilloni (JLab) Andrew Jackura (1U)

Viktor Mokeev (JLab) lgor Danilkin (Mainz) Evgueni Alexeev (IU)

Tim Londergan (IU) Lingyun Dai (Bonn) Mikhail Mikhasenko (Bonn)
Geoffrey Fox (IU) Vincent Mathieu (1U) Bin Hu (GWU)

Emilie Passemar (1U/JLab) Ina Lorenz (IU) Jannes Nys (Ghent)

César Fernandez-Ramirez (UNAM) Peng guo (Cal. St.)

Ron Workman (GWU)
Michael Doring (GWU)
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Interactive tools

°* Completed projects are fully documented
on interactive portals

* These include description on physics,
conventions, formalism, etc.

°* The web pages contain source codes with
detailed explanation how to use them.
Users can run codes online, change
parameters, display results.

http://www.indiana.edu/~jpac/

nN->nN V. Mathieu et al., PRD92, 074004
yp—- np V. Mathieu et al., PRD92, 074013
n-ontn P. Guo et al., PRD92, 054016

w,d >t 7w~ w® | Danilkin et al., PRD91, 094029
yp— KT K p M.Shietal., PRD91, 034007

KN- KN C. Fernandez-R. et al., PRD93, 034029
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INDIANA UNIVERSITY  _Jefferéon La MASHINGTON
®Thomas Jefferson National Ac

BLOOMINGTON celerator Facility

Joint Physics Analysis Center
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National Science
Foundation

This project is supported by NSF

7N — N
Formalism
The pion-nucleon scattering is a function of 2 variables. The first is t
the beam momentum in the laboratory frame piah (in GeV) or the s = P1 l P3 e
total energy squared s = W2 (in GeV?). The second is the cosine of SN L - &
Resources

o Publications: [Matl5a] and [Worl2a]

o SAID partial waves: compressed zip file

o C/C++: C/C++ file

o Input file: param.txt

o Output files: output0.txt , outputl txt , SigTot.txt , Observables0.txt , Observables1 txt
o Contact person: Vincent Mathieu

o Last update: June 2016

The SAID partial waves are in the format provided online on the SAID webpage :
Py 6 €(8) 1—-7° e€1-%°) RePW ImPW SGT SGR

8 and 7 are the phase-shift and the inelasticity. () is the error on z.
SGT is the total cross section and SGR is the total reaction cross section.

Format of the input and output files: [show/hide]
Description of the C/C++ code: [show/hide]

Simulation
Range of the running variable:

sinGeV?  (min max step) 1.2 6 s/l001
Pab in GEV  (min max step) |0,1 4 < 0,01
v in GeV (min max step) 0,3 4 2| ]o,01
tinGev?  (min max step) |-1 0 20,01

The fixed variable:
tinGev? [o
Plab in GeV 5

Start reset

Results

200

sigma(pi- p) ——

180
160
140
120
100

milli b

80
60
40

20
0 0.5 1 15 2 25 3
plab (Gev)
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S-Matrix principles

A(s;t)
A(s, t) =Y Ai(s)Pi(zs)
M z
— —
\ Analyticity
s-channel M-decay channel Al (S) — lim Al (S 1 ie)
Crossing c—0
These are constraints the amplitudes have to
s Al(s . ie) 7& Al(s . ie) satisfy, but do not fix the dynamics
| Resonances (QCD states) are poles in the
s-plane - unphysical Riemann sheets
/ A = At high energies, other constraints from Regge
v \\/ theory (exchanges of towers of particles of
® Unitarity any spin)
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An example: pentaquark photoproduction

t=t i, J,=3/2
9 T T T T
We propose to search the P.(4450) state in ® " 1sgma band .
photoproduction at the forthcoming CLAS12 = [ ™ Bata e i
: S 6 .
experiment ‘E 5| |
= o4 :
. . E 3 - )
We use the (few) existing data and 3 ol
VMD + phenomenological parametrization of bkg .l //
R A 0 | 1 !
to estimate the cross section . oz PP T e
E, [GeV]
Constraints on B(P. = J /1Y p) can be drawn o2
2.5 — T T 1
JF = (3/2)"
2 | 1-sigma band
o4 (MeV) 0 60 120 T mean vaue
A 015670029 15770089 15770037 S 15
oo 1.15179:018 1.15070-018 115015055 <
o' (GeV™2) 01124003 11140037 19770038 s
si (GeV?) 16.8T5T 16.9720 16,9729 © |
by (GeV™2) 1014957 1.021952 1.0350 37
Byp <29% <30% <22%
9 9.5 10 10.5 11 11.5
. 3 5 E, [GeV]
A. Blin, AP, V. Mokeev et al., in preparation !
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An example: Z.(3900)

The Z.(3900) has been observed to decay
into J/y mand (DD*)*

A proper coupled channel analysis can confirm

the presence of the pole, and provide a better
estimate of mass and width

A. Szczepaniak et al., in preparation
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Events/(4 MeV)

o3 8B 883 8u,suBhEsss
LN N B B B Y T N R N |

Events/(20 MeV)
cuBIBREES cSB8sEBIBE o B EBBER

-
o

-
o

88888

sl - B

39 395 4 405

M(DD )[GeV]
= - iy ]
(4260) — 7 J /1 )
i G ]

200 ¥
-HJGJCtV ) : 4

33 34 35 3.6 3.7 38 39 4 41
Mix" Jy)iGeV]
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Conclusions & prospects

The study of exotic heavy quark sector is a challenging task
Experiments are very prolific! Constant feedback on predictions

Study of spectra and decay patterns will improve our understanding,
new data expected by BESIII, LHCb, Belle I, JLab

Nuclei observation at hadron colliders can give an unexpected help in testing some
phenomenological hypotheses for the XYZ states

Feshbach mechanism might be effective in reducing the number of states predicted
by the tetraguark picture

More detailed amplitude analyses will be needed to distinguish actual resonances
from other (kinematical) singularities

The JPAC aims in improving the interplay between theorists and experimentalists,
providing more sofisticated tools to give a better understanding
of hadron spectroscopy

Thank you
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20



BACKUP




X(3872)

14
12—
> 10
> 107
= T
N
ot
t 6
2ot
[T
2
O} | | | | | | | | 1
0745 0750 0755 0.760 0785 0770 0775 0780 0785
M(3%) (GeV)
% 1 CMS \s=7TeV |
L=48fb’ ]
O) ]
3 lyl <1.2 ]
c i
— ~ —LONRQCD
M o LONRQCD uncertainty |
ST
© i ¢
~ |-

prompt
X(3872

do

10%

20 25
I

30
p,(Jy m* ) [GeV]

B decay mode X decay mode product branching fraction (x 105) By Ryt
KtX X = wnJfy  0.86+0.08 (BABARZS Benld®®) 0,081 017 1
0.84 £ 0.15 + 0.07 BABARZ®
0.86 4 0.08 4 0.05 Belle22
KX X — o 0.41+0.11 (BABAR, 2%/ Belld??)
0.35 + 0.19 = 0.04 BABARZS
0.43 + 0.12 4 0.04 Belld®2
(KTn 7 )vrX X — wrdf 0.81 020751} Belldi%
K% X = andfd < 0.34, 90% C.L. Bellet®
KX X = wlfyp R=08+03 BABAR™ 006170028 0.7
KTx 0.6+0.2+0.1 BABAR®
KX 0.6+03+0.1 BABAR
KX X s aen iy R=10+04+03 Belle?2
Ktx X DD  85+26 (BABAR® Belle®™)  0.6147( (55 82753
16.7+£3.6+4.7 BABAR®®
TT+16+1.0 Belle3L
KX X5 pUpY 1244 (BABARER Belld47)
2241044 BABAR=®
9.7+46+1.3 Belle??
KTX X — v dfg 0.202 + 0.038 (BABARZ> Bellé®h)  0.01970005 0.2475-03
KtXx 0.28 + 0.08 = 0.01 BABAR®
0.178 15048 1+ 0,012 Bellé®*
KX 0.26 + 0.18 + 0.02 BABAR®
0.1247007% 4+ .01 Belle?
KX X —(25) 0.44+0.12 BABAR® 0.04150%0 0515012
KtXx 0.95 £ 0.27 £ 0.06 BABAR??
0.083 70198 + 0.044 Belle®t
R =246+0.644+029 LHCBE®
KUx 11440554010 BABARS2
0.11270-357 + 0.057 Belld?*
Ktx X > vxel <9.6x%x 107 Belld2? <10x 1073 < 0.014
KTX X = yxe2 < 0.016 Belld22 <17 %1078 < 0.024
KX X =9y <4.5%x107° Belld!! <47Tx107% <66x107°
KX X = ndfy < 1.05 BABARMZ < 0.11 < 1.55
KtX X —pp <9.6x 1071 LHCRHO <16x1071 <22x107?
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Vector Y states

Lots of unexpected J©¢ = 1~

i R 104k
- el 3
W</O 10°%F .
| Belle I . 3

120

A O @
o O O

Entries/20 MeV/c?

N
(=

100

nr.l'r L

.........|-.-.-...-..|.|. HL Y

%Z.:

8 442444648 5 52 54

M(r*n Jhy) (GeV/c?)

~ states found in ISR analyses (and nowhere else!)

Seen in few final states,
mostly / /Y mm and Y (2S)

Not seen decaying into open charm pairs,

to compare with =
B((3770) - DD)

> 480
B(¢(3770) —>]/l/mﬂ)
ol . -
by L Bellen |
> | ]
b} L
= 201 : ]
cf\j i
o |
E 10 p
oo |} bl { Lk
I * T + HII JH J;T-
0 £\ popnipiie SRl bl n il

M T w(2S)] (GeV/c?)

Y (4660) Y (4630)
4500
% Y (4360 - 1(4415)
% ¥ (4260 V(4220) Y(4230)
2 1 (4160)
2
Y (4008
4000 Y(4008) 1(4040)
¥(3770)
1(25)
J/hrw W (25)ww hemm XeOW ALAL harmonia
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Vector Y states

rrrrrTrTTrr T T T T T T T T T T T T T T T T T T T T
n* 1= continuum (C)

(o] T T
2 B ]
> B ]
%’ 30 eeees Interference term -
= - — — f,(980) component .
A 9 — All components ]
P - .
5 C I N
> 10 1 =
= i + ) i
0 hasr u_.!..m. rry <3 o =es]
; AN T
_20 : L Il 1 ‘ 1 Il Il 1 ‘ 1 Il 1 1 | 1 Il 1 | 1 | 1 1 1 ‘ 1 L I 1 ‘ 1 Il 1 Il ‘ 1 :

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
m(m* ) (GeVic?)

The lineshape in h,. mm looks pretty different
Different states contributing?

A component Y (4260) — | /Y f,(980)

might explain why Y(4260)

W ® AY(466O)}‘ r__

G (pb)

80}
60
40t

20}

A O

Entries/20 MeV/r®

no

h<
N\
N
w
(@)
o
| —

Y(2S)

—y
OOO

B~ O

Entries/20 MeV/

|

(A}

L cnl ) ISP )l ) B
0.8 04 06 0.8 1

o

M(n*n) (GeV/c?)
T

—0—
—0—
—0—,
o
S —
] |

o Belle J/ynm |
e BESh.mm

s # 5 ]

_+ ¢¢¢¢¢¢¢¢¢¢ 5

42 43 44 45 46
Ecm (GeV)
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Charged Z states: Z(4430)

~~ LI T T T T ~~~ L | T T T I 1
L, 1000+ - oot ]
(5 . Ll E E
o i 1 O F E
™ ol C ]
| . o
S ] SIPE E
% S00- - PR :
g - 1 Z10F E
ER ‘ = :
S T : = T
i oo oo T U E
0 16 18 20 2 05 1 15 2 25
m.- [GeV?] m2. . [GeV’]

Z(4430)* > ¥ (2S)
IG]PC — 1+1+—

Im AZ

If the amplitude is a free
complex number, in each
M = 4475 + 7132 MeV bin of mZ,. -,
=172+ 1337 MeV the resonant behaviour

appears as well

Far from open charm thresholds

_0.6-|||||J||1||l|||]|
-0.6 -04 -0.2 0 0.2
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Charged Z states: Z,(106010), Z, (10650)

No : . . . .
YRR ———— e O Anomalous dipion width in Y(55),
gl © ] oo 2 orders of magnitude larger than Y(nS)
P -~ 8000
E o - 6000
S 2 Moreover, observed Y(5S) — h,(nP)rn
s 40 ] 4000 . .
ol which violates HQSS
5 a0l ; 2000 + _L
= , Al
S04 1045 105 1055 10.6 10.65 107 10.75 5000 LT r...l H H -[-
M(Y(28)m), ., (Gev/c?) T Um Tl ookl L L L
10.4 10.5 10.6 10.7

Y(55) » Z,(10610) n~ > Y(nS) n*n~, h,(nP) mtn~
and - (BB") ™
M = 10607.2 + 2.0 MeV, ' = 18.4 + 2.4 MeV
Y(55) -» Z,(10650)*n~ > Y(nS) n*n~, hy(nP) m*m~
and - B*9B*tx~
M = 10652.2+ 1.5MeV, I = 11.5 + 2.2 MeV

2 twin resonances!
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State M (MeV) T (MeV) JPY  Process (mode) Experiment (#0) State M(Me&V) T(MeV) JPC  Process (mode) Experiment (#0)
X(3&3)  BBIELY <M 7T BoK(xa) Bellé®)(4.0) Y (4220) 29675 943 1 e s (rtrh) BES 111 data®61)(43)
X(3872)  SSTLG3E0MT <12 17T B K(rTnmJR) Bell?221(>10), BABARA(8.6) v (4230) 23048 B2 17 etem 5 (yow) BES 11158 (>9)
pp > (mn ). CDEETESI(1LG), DI(E2)  pragso)t it gt e B K (rtyy) Belléi®)(5.0), BABAS(2.0)
- (). LHCHE (np) Y (4260) 20+9 108412 1 ete = (nnlh) BABAOODT](8), CLECEE11)
B K(z™nnJj) Belle2' (4.3), BABAPﬁ? (4.0) Bell157)(15), BES 11740 (up)
B K(yJjy) Belle™!(5.3), BABAR™(3.5) 5+e = (fo(980)J1) BABAREZ (np), Belle*H (np)
| LHCHE(> 10) S Ze00)  BES TTDs), Belis)
B - K(y(28)) BABAR? (3A6):‘Bellesj‘ (02) 6+€ X)) BES 11753
LHCH3E)(4.4) o
. . Y/(4290) 4203+9 222467 1 ete = (rtrhe) BES [T data®<% (np)
B KDD) BellS(6.4), BBAEEI4S) X (4350) 330676 13T 0 ete s ete (ol Bellé2® 3.
Z,3000)T  3BTE34 LT 17T Y(4260)» am (DD BES 11 (up) Oosl o0 oJp0) e (52)
Vi) 5 7 (rJj)  BES M), Bel@(5 Y/(4360) Bxll T8E16 1 eﬁ*e’ =+ (rtr(29)) Beile” (8), BABARQW('np)
CLEO datd2)(55) Z(4430)" UT+17 180431 17 BY= K (rw(29)) Belle™74)(6.4), BABAR™(2.4)
L0 40B9£24  10£6 17T Y(460) = a(who) BES 11 3.9) LHCB(139)
Y (4260) — 7~ (D" D) BES 117%9(19) B = K- (n7 ) Belle®2l(4.)
Y(3015)  39184£19 2045 0T B K(wlj) Belld&l(8), BABAEE](19) Y (4630) 3, w1 e s (L) Belle'™)(8.2)
ete” = emem (wlhp) BelldZ(7.7), BABARE!(7.6) Y (4660) 4665110 53414 17 etem 3 (rTry(29) Belle™(5.8), BABAR™!(5)
7(3930) 39272426 2446 27t efem wete (DD) Bellé22! (5.3), BABaR2L (5.8) Zy(10610)F 10607220 184424 177 T(3S) = n(aT(ns)) Belld 8.7 (>10)
X(3940) 4275 ST T oo iy (DDY) Belle?L22] () T(58) = 1~ (7 hy(nP)) Belle™/(16)
Y(4008) BOLE42 WELL 1T ete o (et ) Bellé158](7.4) 1(38) = 7~ (BB*)*t BelldE0l(8)
(1030} g sty T B s K (rtya) Bellé®(5.0), BABAR(1.1) 0G0 106522515 115£22 1T T(3S) = w (7T T(nS) Bel(>10)
Y (4140) 4456536 14359 7T BT S KT (pdR) CDESSETI(5,0), Belle®(1.9), T(58) = 7~ (7 hy(nP)) Belld(16)
LHOB(1.4), CMS™I(>5) T(65) - 7 (BB BelidS0(6.8)
Debll(3.1)
X(4160) 45670 19T T et i (D1DY) Bellé?2/(5.5)
ot S35 aent®) o B0 pe—(t 7 7.
Z(4200) 06 a0t 1 B k() Bl Guerrieri, AP, Piccinini, Polosa,
IJMPA 30, 1530002
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Pentaquarks... and so on

—a— data
= 2000 * —e— total fit
T a LHCb background
1800 : (®) S P(4450)
@ A —=— Py(4380)

-0.15

-0.2F

AR AN 4

-0.25F

I
03 ' LHCb + : e
- ! -+ ! -
_03 -II\IIII\Il\II\‘I\II|I\IIII\||‘Ill\l\IIII\IIII\I\I--II\||\II\||\I\lI\II|I\|\Illlll\l\||\IIII\I\IIII\I
'-8.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 005 01 015 -01 005 O 005 01 015 02 025 03 035

Re A Re A%
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LHCb, PRL 115, 072001

Two statesseenin A, = (J/Y p) K~
M; = 4380 + 8 + 29 MeV
[ =205+ 18 + 86 MeV
M, = 4449.8 + 1.7 + 2.5 MeV

ev1 [ =39+5+19 MeV

Quantum numbers
P B o 5 L (5 8
i PP D
Opposite parities needed for the
interference to correctly describe angular

distributions

No obvious threshold nearby
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Proposed models

Molecule of hadrons (loosely bound)

8, Glueball, Hybrids
® m 8. (with valence gluons),

8. X8, €1, BOrn-Oppenhelmer 4q

.« Cusp (kinematical effect)

e
3, ¢

3. x3,€1,
Diquark-antidiquark
(tetraquark)

Hadrocharmonium
(Van der Waals forces)

#w

A. Pilloni — Modeling new exotic XYZ states
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Diquarks

Attraction and repulsion in 1-gluon exchange approximation is given by

1
= ] [l R= > (Cz (R12) — C3(Ry) — G, (Rz))
® 3.x3.€3, 1 l 4 1
® ré 000000 ra P _§'R8 =+
A A R = 2 R = 1
l- ' =

The singlet 1. is an attractive combination

A diquark in 3, is an attractive combination

A diquark is colored, so it can stay into hadrons 20 ;
but cannot be an asymptotic state i"’;e; M
Evidence (?) of diquarks in lattice QCD, 5 |
Alexandrou, de Forcrand, Lucini, PRL 97, 222002

0.5 fm,0)

0;5 W‘m.rm‘)/C;’(rl

C(r=0.
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Y (4260) — X (3872)

M. Ablikim et al., Phys. Rev. Lett. 112 (2014) 092001

F. Piccinini
BESII: eTe™ — Y (4260) — X (3872)~
T — T o 06
151 + - o r —+- data
N . = 05F — Y(4260)
© — Total fit Z S Phase Space
> | ) C
0 ﬁ -+~ Background B 04F --- Linear
s 10r | o -
® _ T 03}
2 | - T
S 5 - g 0.2:
> L : J _
: 1T
- ": l - I +* 5 C
g ST CUUTL T TTIT D 0
8 3.85 3.9 3.95
M(r v J/y) (GeVic?)

With B[X (3872) — nta~J/v¢] = 5%
B[Y (4260) — X (3872)]
B(Y (4260) — wtn—J/¢)

Strong indication that Y (4260) and X (3872) share a similar structure
Chen, Maiani, Polosa, Riquer EPJC75 11, 550

= 0.1




Y (4260) — X (3872)

M. Ablikim et al., Phys. Rev. Lett. 112 (2014) 092001

F. Piccinini
BESII: eTe™ — Y (4260) — X (3872)~
15 | o :g. i —+-d
B 7 C ata
o + Data S 0sf — Y260
© — Total fit Z S Phase Space
> A | ) C
0 ﬁ -+~ Background B 04F --- Linear
S 10_— - X :
S _ T 03f
2 | - T
S 5 - g 0.2:
> ] ™ -
: LT -
10 " > - 5 r
ST L U T b
%.8 3.85 3.9 3.95 °© 0
M(r v J/y) (GeVic?)

With B[X (3872) — nta~J/v¢] = 5%
B[Y (4260) — X (3872)]

= 0.1

B(Y (4260) — wta—J /)
Strong indication that Y (4260) and X (3872) share a similar structure

F. Piccinini (INFN)

WSU, Detroit, 18/05/2015 4/24



Triangle singularity (cusps)

M s-(A) (s) :
t_|_(8) = )\
mi
A — \/g ..........................
mo
o
)\ decreases
8 : : .
LY (4260) = J/yrr
6 k-
Bugg, PL8598’ 8—14 5L D(2400) Exchange

Szczepaniak, PLB747, 410-416
Szczepaniak, 1510.01789

/

D() Exchange

[A(s)|
e~

: 2 : 3 3.4 3.6 3.8 N 4.4
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MO]eCUle Tornqvist, Z.Phys. C61, 525
Braaten and Kusunoki, PRD69 074005
Swanson, Phys.Rept. 429 243-305

D° X(3872) ~ D°D*°
ety DO+ Z.(3900) ~ D°D**

7.(4020) ~ D*OD**
Y(4260) ~ DD,

A deuteron-like meson pair, the interaction is mediated by the exchange of light mesons
* Some model-independent relations (Weinberg’s theorem)

* Good description of decay patterns (mostly to constituents) and X(3872) isospin violation
» States appear close to thresholds v (but Z(4430) x)

* Lifetime of costituents has to be > 1/m_m, (but why [}, > I}, 1 ?)

e Binding energy varies from —70 to —0.1 MeV, or even positive (repulsive interaction) %
* Unclear spectrum (a state for each threshold?) — depends on potential models %

2
) =225 7 {[36@7 9657 1) - @3- 14 )+ @)

Needs regularization, cutoff dependence
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Weinberg theorem

Resonant scattering amplitude

flab - ¢ — ab) = —

g
8m Ecyy © (pg + pp)? — m

withm, =mg, +my —B,and B,T K mg,

flab - c - ab) = —

This has to be compared with the potential scattering for slow
particles (kR < 1, being R ~ 1/m, the range of interaction)
in an attractive potential U with a superficial level at —B

1 VB —iVT
5

f(ab — ab) = —

4

B g

2
l16m(m, + mpy)? S BT

51212 (m,my)?

BR(X—DD7T)

0.8 -

—— €=0.14 MeV

06- v\  mm=—— e=10KeV -

1 1 | I 1 1 | I 1 | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Total width I'(X) (MeV)

Weinberg, PR 130, 776
Weinberg, PR 137, B672
Polosa, PLB 746, 248
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Weinberg theorem

g4- ,US

= : kR < 1
51212 (mymy)?

B

This has to be fulfilled by EVERY molecular state, but:
« X(3872),B=0,9g#0

e Zs,B <0, repulsive interaction!

 Y(4260), kR ~ 1.4

BR(X—DD7T)

0.8 -

—— €=0.14 MeV

06- v\  mm=—— e=10KeV -

0.2 -

| 1 1 | 1 I 1 1 | I 1 1 | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Total width I'(X) (MeV)

Weinberg, PR 130, 776
Weinberg, PR 137, B672
Polosa, PLB 746, 248
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Estimating k,,, 4+

The binding energy is Ez = —0.16 + 0.31 MeV (PDG): very small!
In a simple square well model this corresponds to:

J{k?) =~ 50 MeV, /(r2) =~ 10 fm

binding energy reported by NU, PRD91, 011102
Egz =~ —0.003 + 0.192 MeV: /(k?) = 20 MeV, {/(r?) = 60 fm

to compare with deuteron: Ez = —2.2 MeV

V{(k?) = 80 MeV, /(r?) = 4 fm

We assume k. ~ +/{k?) = 50 MeV, some other choices are commented later
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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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A new mechanism?

In @ more billiard-like point of view, the comoving pions can elastically interact

with D(D™), and slow down the DD" pairs
Esposito, Piccinini, AP, Polosa, JMP 4, 1569

Guerrieri, Piccinini, AP, Polosa, PRD90, 034003

DO
/ The mechanism also implies: D mesons actually “pushed”
I_,_HU*' inside the potential well (the classical 3-body problem!)
DO
o X(3872) is a real, negative energy bound state (stable)

It also explains a small width I'y ~ I'p« ~ 100 keV

By comparing hadronization times of ol

heavy and light mesons, we estimate up Tl =
to ~ 3 collisions can occur before the T 20 & e
heavy pair to fly apart o [

10—

We get a(pﬁ o X(3872)) ~ 5 nb, still not sufficient T
. 5 5 B.O 0.2 0.4 0.6 0.8 1.0
to explain all the experimental cross section k, (GeV)
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Light nuclei at ALICE

Recently, ALICE published data on production of light nuclei in
Pb-Pb and pp collisions

These might provide a benchmark for X(3872) production
Hypertriton g Helium-3

E®
©

arXiv:1506.08453 arXiv:1506.08951

S, . T ALICE, Pb-Pb, |5, = 2.76 TeV
S 1070 ﬁm ALICE 0-10% = T
3 ® - R
S Pb-Pb |5, = 2.76 TeV < asn)
s ~ el T ,
: Q107 ... Ly He
o ] = (e e =]
. $ $ S -—.EE -
. = : m s,
-OI— 3 3 C\IZ Tjj EFI
% AH—o°He+n © 107 D 0-20% EF Ef:
E 10 6l EH - 3HE‘ + E|— C " “
N = - D 20-80% g
© 3 H ANl E?E .
= = —-8| ‘.
/3\_ — 10 = Individual ft I:f
by Z -
11 ‘ 11 | | | | 111 | | 1111 | 1111 | 1111 | T i ‘ 11 | | . 1 ‘ 1 | ‘ | 1 | ‘ (.
O 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7
pT(GeV/ C) p. (GeV/c)
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Light nuclei at ALICE

ALICE
10_15—
10‘25—
10_35—
1074 e '
SR 'm.m d
. "-~' m@m Pb-Pb, | 5,,=2.76TeV
_57
10 ¢ . “~.  |®]0-10% (16x)
- -.'- .. | ®10-20% (8x)
(— k- '..“
10°L .IEE 20-40% (4x)
i G} [®]40-60% (2x)

I " [#]60-80% (1x)
107 [®]pp, 15=7TeV (1x)
e Individual fit
10—8\||\||H|\\|H||\||\|\||\||\|

0 1 2 3 4 5

P, (GeV/c)

99

Deuteron
arXiv:1506.08951
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Nuclear modification factors

We can use deuteron data to extract the values of the nuclear modification factors

(caveat: for RAA data have different +/s)

10

Rep

054

0.2

NP - ( dN )
R =z coO de C
CP NC : ( dN )
CcO de p
- Deuteron - :
no medium . .
e it R REEEEEEEEEEEEEEE
o ®
[o om o * ® . ] * o o
. . .
- e ¢ Charged
aa
0-1 1 1 1 | 1 1 1 1 I 1 1 1 1 ‘ l I I 1 ‘ 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0
p, (Gev)

RAA

0.5

0.2

0.1

dN )
e Pr/Pb—Pb
AA — d
N
Ncoll dp
T/ pp
Deuteron « s
no medium *
L AR O L Charged
. e .,
.__I.IIIIJ‘II | 1 Lvovovo v b v v v by vy g 1y
1.0 15 2.0 2.5 3.0 35 4.0
p, (GeV)
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Nuclear modification factors

We can use deuteron data to extract the values of the nuclear modification factors
(caveat: for RAA data have different +/s)

(dN>

dpr)pp—Pb
dN

Ncoll (dp )

AA =

0.2 | o6 Charged

0_1||||||||||||\‘\\\\‘\\\|||||||||||||||
1.0 1.5 2.0 25 3.0 35 4.0

p, (Gev)
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Light nuclei at ALICE

Esposito, Guerrieri, Maiani, Piccinini, AP, Polosa, Riquer, PRD92, 034028

We assume a pure Glauber model (RAA = 1) and a value RAA =5 to rescale Pb-Pb data to pp

Constant RAA - same shape in Pb-Pb and pp

do (3H)\ Ay a;;;el( 1 d?N(3He7r)>
dpJ_ B(SHB 7T) Ncoll Nevt dpJ_ dy Pb-Pb

pp

We extrapolate this data at higher pr either by assuming an exponential law, or with a
blast-wave function, which describes the emission of particles in an espanding medium

The blast-wave function is

dN R inh h
I g [ ey (P02 g, (macohe),
dpy 0 Tkin i

where m | is the transverse mass, R is the radius of the fireball, I
and K7 are the Bessel functions, p = tanh ™1 (M(T/R)”),
and (8) the averaged speed of the particles in the medium.
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Light nuclei at ALICE vs. X(3872)

Esposito, Guerrieri, Maiani, Piccinini, AP, Polosa, Riquer, PRD92, 034028

We assume a pure Glauber model (RAA = 1) and a value RAA =5 to rescale Pb-Pb data to pp

(nb/GeV)

do,, /dp

10*
10°

102

—_ —_ —_ -
o o o o —_

-
o
&)

The X(3872) is way larger than the extrapolated cross section

\ Deuteron @ALICE Exponential extr.
o i ¢ X(3872) @CMS
= ¢
- N N b¢
E  Hypertriton @AleE\ ¢
T (rescaled from Pb-Pby
:g ‘s\‘\\’\'\
3
§7| 1 1 1 | 1 1 1 1 | 1 1 <
0 5 10 15 20
p (GeV)
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(nb/GeV)

do,, /dp

10*
10°
102

10

—_
o
~

iy
(@]
)

10

-
o
&

W >

4

\3

\ Deuteron @ALICE Blast-wave extr.

HHH'IT| IIIIIIII| IIIII|T|'|

¢ X(3872) @CMS

*

E(rescaled from Pb‘P't?

| | | | | | | | | | I\'( 11 | | | | | | | | | |

o IHI‘ T \HHHl T IIIIIH| I IIIIIII|

5 10 15 20

p (GeV)
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