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Multiscale system

Systematically integrate mQ > mQU > mQUZ

out the heavy scale, x
mgo > Nocp Full QCD —> NRQCD —> pNRQCD Vb

my ~ 5 GeV,m, ~ 1.5 GeV
~0.1,v} ~ 0.3
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Factorization (to be proved) Good description of many production channels,
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Exotic landscape

Esposito, AP, Polosa, Phys.Rept. 668

Y (4660) ——— X (4700)
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YMSGO)‘: Y (4290 X (4274) P
Y (4260)s 5;/54220% — DD
X (4160) ——— 24(4160) X(4140) - DD A host of unexpected
ool — Y(4008) c1(2P) L gggé‘; resonances have
= Ne(35) w(4040)/L X0 (3915 - Ga(1D) D, D, appeared
% X(3940)m=7m) X(3872)X02(2P) o DD
= me(28) — 2 PP decaying mostly into
é‘% ¥(25) charmonium + light
3500} he el Xc2
Xe Hardly reconciled
with usual
2000l T/ charmonium
Ne interpretation
JFPC U;+ 1;7 1+If 0+I+ 1¥+ 2+I+ 2;+ 2;7
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Charged Z states: Z.(3900), Z.(4020)

Charged quarkonium-like resonances have been found, 4q needed
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LHCb, PRL 115, 072001
LHCb, PRL 117, 082003

Two states seenin A, = (J/Y p) K7,
evidencein A, = (J/Y p) m™
M; = 4380 £ 8 + 29 MeV
[ =205+ 18 + 86 MeV
M, = 4449.8 + 1.7 + 2.5 MeV

[Lb=39+5+ 19 MeV

Quantum numbers
(358 (3 5 5. 8
20 0 g
Opposite parities needed for the
interference to correctly describe angular
distributions, low mass region

contaminated by A* (model dependence?)

No obvious threshold nearby




Pentaquarks!

—a— data
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LHCb, PRL 115, 072001
LHCb, PRL 117, 082003
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evidencein A, = (J/Y p) m™
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Life is not easy...
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BUlldlng Hadrons Hybrids Tetraquark

Meson Baryon Glueball

D W Ty
® %%

- ‘w ,
Hadroquarkonium

Molecule

Juswiiadx]

Amplitude

Properties,
analysis =~ Model building

f Interpretations on the spectrum leads to
understanding fundamental laws of nature
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S-Matrix principles
\ M /L\
M S

s-channel M-decay channel -/tz (s) = 11mtl (s + i€)

Crossing An alyt|C|ty

These are constraints the amplitudes have to

s-plane satisfy, but do not fix the dynamics

They can be imposed with an increasing amount
of rigor, to extract robust physics information

0 Unitarity
The «background» phenomena can be

+ Lorentz, discrete & global symmetries effectively parameterized in a controlled way
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Pole hunting

| sheet
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* Resonances are identified as poles in the
unphysical Riemann sheets.

* The analytic structure (lineshape) can also
provide hints about their nature

* Analytic continuation is always
model-dependent, and requires careful
systematic checks

IV Virtual state I

Bound state . e "/ Resonance

.....

I1 M1
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Amplitude analysis for Z,.(3900)

One can test different parametrizations of the amplitude, which correspond to

different singularities - different natures AP et al. (JPAC), PLB772, 200
Z.(3900)?
s -— 5
—>

/ m rﬁ D* /

w: Dy(2400) u: 7,.(3900)?
D,(2420)
Triangle rescattering, (anti)bound state,
logarithmic branching point II/1V sheet pole
(«molecule»)
- °

Tornqvist, Z.Phys. C61, 525
Swanson, Phys.Rept. 429
Szczepaniak, PLB747, 410 Hanhart et al. PRL111, 132003

"o, f,(980)"

Resonance,
lll sheet pole

(«compact state»)

Maiani et al., PRD71, 014028
Faccini et al., PRD87, 111102
Esposito et al., Phys.Rept. 668
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Fit: 111
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Fit: 111+tr.
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Fit: IV+tr.
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Fit: tr.
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Pole extraction
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Not conclusive at this stage
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New pentaquarks discovered

+ =0
D
: LHCb, 1904.03947

A detailed study of the
lineshape provides insight on its
nature
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Minimal(istic) model

o Fernandez-Ramirez, AP et al. (JPAC), 1904.10021

275 = P IFGIP + b+ bus)

Effective range expansion
F(S) = (N1 e NQS) T11(8)

We can set ¢;; = 0 to reduce

T(s) = (™2~ ons = ip1(s) e = to the scattering length approximation
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Minimal(istic) model

T(s)

.

o Fernandez-Ramirez, AP et al. (JPAC), 1904.10021

275 = P IFGIP + b+ bus)

Effective range expansion
F(S) = (N1 e NQS) T11(8)
We can set ¢;; = 0 to reduce

e to the scattering length approximation
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Minimal(istic) model

Fernandez-Ramirez, AP et al. (JPAC), 1904.10021

= b [P + b0+ bl

Effective range expansion

F(S) = (N1 A NQS) T11(8)
We can set ¢;; = 0 to reduce
to the scattering length approximation
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P. photoproduction

To exclude any rescattering mechanism, we propose to search the P.(4450) state
in photoproduction.

Hadronic vertex EM vertex

2 J/?,D// (Aw/\p’| T dec |)\R>|I<)\R| ij |)\7)\p>
% /x‘ <)\’¢/\p"| T’T’ |/\’}’Ap> — M W iFrM/r»

r
/

Pc(4450) Hadrf)nic part = |
/ * 3 independent helicity couplings,
p p — approx. equal, g, 1, ~ g

» g extracted from total width and (unknown)
branching ratio

Vector meson dominance

s _ f 2 By 20+1 4
relates .the .radlatlve width to the F,}, — Ara pr 1 __z “ =
hadronic width Df 6

Hiller Blin, AP et al. (JPAC), PRD94, 034002
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Background parameterization

AV - - = = = = =
The background is described v J/¢
via an Effective Pomeron, P
whose parameters are fitted to
high energy data from Hera /

p P

Ao Ap [ Tp|AA,) =
o — g, \ 2
i A ( t ) eb(}(t—tmin)("')\p)\pf OxyAs
S0 \
Asymptotic + Effective threshold Helicity conservation

Hiller Blin, AP et al. (JPAC), PRD94, 034002

do/dt [nb GeV 9]
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J,=3/2, no smearing
1000 F I I I I I I I I

3.8 TeV
10.6 TeV
20.7 TeV
61.5TeV

100 | .
10 F -
1000 F —t :

i 5.7 TeV
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26.6 TeV

118.2 TeV
100 = - E
10 F ;
1000 F :

100 |

10 |

B | |
0 0102030405086 070809

It [GeV?]
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Pentaquark photoproduction

JF=(3/2)"
s = 60 MeV, J, = 3/2
8
7 L
— B[
o
> 5F
V]
2 47
5 3¢
] o |
1
0 R
9

Hiller Blin, AP et al. (JPAC), PRD94, 034002
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os (MeV) 0 60
A 0.15670022  0.15770-039
o 115115958 115070553
o (GeV™2) 0.11275-0%2  0.11173037
st (GeV?) 16.8757 16.973:2
bo (GeV~2) 1.0170-57 1.0279:5;
Byp (95% CL) <29% <30%
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Photoproduction at GlueX

No evidence of
pentaquark
signals has
been seen in
GlueX,

upper limits
have been set

o(yp — J/yp), nb

5 5 5 —A— Cornell

_‘ ................ .............. ............. ............... ---- JPAC P'lc'(4312) 3/2' BR=2.9% |
1 ——— JPAC P}(4440) 3/2' BR=1.6%

107" Z;".'.ZZZZZZZZZZZZZ:fiZZZZZZZZIIIIII?:IZZZZZZZIZZZZ;:ZZZZZZZZZI ------------------ JPAC PC( 457 )3/2 BR 27% ;

8 9 10 £, GeV 20
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Polarization observables

One can take advantage of the polarized beam at JLab
High intensity beam in SBS (Hall A) looks promising
Need polarized target (4;;) or polarization of recoiling proton (K;;)

- 1 |do(++) —do(+—) do(—+)—do(——)
AL =2 G T do(1—) ~ do(— ) T do(—)

Fanelli, Pentchev, Wojtsekhowski,
Lol12-18-001

Winney, AP et al. (JPAC),
to appear

Photocoupling of P(4450)
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Epilogue

Studying exotic hadrons is challenging

® They are related to dynamics of QCD building blocks

® They often appear as small fraction of cross sections,
hard (but mandatory!) to find consistency between
different channels

® Dispersive methods can improve the consistency, and offer insights
into their nature

Thank you!
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Vector Y states

4500
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Y (4260 Y(1290)
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(4160
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T/ m W(28)rmw hemm XeOw AcA. charmonia
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J</ O

Belle I

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

Lots of unexpected /©¢ = 17~ states
found in ISR/direct production (and nowhere else!)

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

Not seen decaying into open charm pairs

Large HQSS violation
ol 0 Belle /|
+ e BES h, .

60

) ¢+++ Q *

o 40f + ¢ b4t +
20} # $¢
0i+ ¢¢¢¢¢¢¢¢¢¢ 5

42 43 44 45 46
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A. Pilloni — Amplitude analysis for exotic states
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X(3872)

\
@_ w(2s)  q)dato

* Discovered in
B S KX K Fhlinr

e Quantum numbers 1+
e Very close to DD* threshold

* Too narrow for an above-
treshold charmonium

* |sospin violation too big
rx-J/y w)
~0.8 + 0.
r(x-Jj/y p) 98200
* Mass prediction not

compatible with y.; (2P)
M = 3871.68 + 0.17 MeV

MX = MDD* — _3 i 192 keV
[ < 1.2 MeV @90%

300 |
>
Q
(D | .
@]
= 200 N .
e W
2]
‘E 4
[} L 4
>
@ 100 - - ﬁ% 1%
‘ X(3872) | \
A L]
o Lo Sl 1
0.40 080 1.20 |
M(x*7TT) - M(*T) (GeV) ;
. &
~, 5000 3
;4500 3 N —1
%sooo~ i~ |/ 3900
gssoo o 2 L rx* ) [MeV/c)
530(”5 ‘l’:: 384 3883 a3
2500/
2000} . a
s Ny ssro, = 548 = 104 (stat.)
1800 N, s, = 7346 + 155(s ta?)
1000} e
S00f- cMS Prelimina ry fl_dl =40 pb"'
96 365 37 375 38 385 39 395 4
JAp x*x invariant mass [GeV/c?)
A. Pilloni — Heavy quark Spectroscopy
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-B [nb/GeV]

) /de

prompt
X(3872

do

A. Pilloni — Heavy quark Spectroscopy

X(3872)

Large prompt production
at hadron colliders

opr X B(X — J/Yrm)

= (1.06 £ 0.11 £ 0.15) nb

—
Q

10%

CMS, JHEP 1304, 154

AR

T T
CMS \s=
L=4.8fb"
lyl <1.2

—LO NRQCD

- —LO NRQCD uncertainty T

7 TeV

15 20 25
pT(J/qf Tt

30
) [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 in BESIII

BESIII, PRL118, 092001 (2017)

100

o) [ ——XvzZ BES]]I

RS> - = Fitl

—~ 80 _ M

“-E: B BABAR

Iﬂ -

[ 60— =: - Bele

+ -

11\: B

'O 40 -

+

S C

% 20__ » "

=] -

&) L -
0 1 L 1 L 1 L L 1 1 1 1 L 1 i

3.8 4 4.2 4.4 4.6
Eem (GEV)

New BESIII data show a peculiar lineshape
for the Y (4260)

The state appear lighter and narrower,
compatible with the ones in h . and y ow
A broader old-fashioned Y (4260) is
appearing in DD*m, maybe indicating a DD,
dominance

A. Pilloni — Amplitude analysis for exotic states

BESIII, PRL118, 092002 (2017)

ete™ - J/Ynm

Parameters Solution I Solution I1
T+ - B[y(3770) — nta—J /4] 0.5+0.1(0
B(Ry — ntx=J/v) 8823 (-) 6.8715 ()

Lot B(
Dot~ B(Re — nfm~J/p) 133 +1.4(12.0+1.0) 9.2+ 0.7 (8.9 £ 0.6)
Tt B(Rs —ntn J/yp) 21.1+£39(17.9+33) 17758 11759

b1 584+ 11(—33+8) —11677, (—8177)

@2 —156 £5(—132+3) 68424 (107 £ 20)

1000_| Iy e s e I B By B 1 0 I LI B

soo— BESIN Preliminary } } -

P - *— ]

-&600— €+€ - 7T+DOD Py

G400 N

00— ol b AT =

0:' = A LTl Lo 1

4.1 4.2 4.3 4.4 4.5 4.6

Fit with a constant (pink dashed triple-dBi{§@¥d two constant width relativistic

BW functions ( and ).

M(Y(4220)) = (4224.84+5.6+4.0) MeV/c2, I'(Y (4220)) = (72.349.1+0.9) MeV

M(Y(-lh“ll)]_) (4400.1£9.3+2.1) MeV/c*, I'(Y(4220)) = (181.7£16.91+7.4) MeV BESE



Intensity

—T'=2Im /5 [GeV]

Recap smgle channel nm

102
140 F 20 7 Test agalnst the D-wave 1 data, where the a,
120 | and the a;, show up
A. Jackura, M. Mikhasenko, AP et al. (JPAC &
100 ]
COMPASS), PLB779, 464-472
80 ]
Smooth «background» z=i—— .
60 | . . . 2.0 | 0.9 Z; ig -
0.8 Top = T ———
% 0.7 -
40 - - = 0.6 i
-5‘ 0.5 -
20 _ [-]o0.4 _
T 0.3 ]
0.2 ]
0k 0.1
0.5 1.0 1.5 2.0 2.5 3.0 0.0 L ) . . . : s . s
1.0 1.2 1.4 1.6 1.8 2.0 22 24 26 2.8 3.0
Vs [GeV] V5 [GeV]
0.0 T T T T T ! I
01 L 42w Precise determination
of pole position
0.2 } . -0.100 SSLEEN polep _
. - !
-0.3 | ‘010 | ) al, -
0.4 | =— s =1.0 GeV? A . -
— s = 1.5 GeV? -0.120"
0.5 | mm— sy = 2.0 GeV? 1.302 1.306 1.310 -
sp = 2.5 GeV?
-0.6 ] ] ] 1 ] ] 1 ]
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

m = Re /5, [GeV]



What about the g?

Jy =y (S wave)

16000

14000

Events/50 MeV

12000

10000

8000

6000

4000

2000

Even if an Adler zero is added,
hard to obtain a reasonable behavior of the phase
in the o region

We are exploring new parametrization T &b ]
K - Isospin correction | |

300
200

100

-100

Jv — v n n (phase)

(

., !
8, low energy

10 =

A. Pilloni — Heavy quark Spectroscopy

' (Mev)
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P-wave
nm (resc.)

Events / 40 MeV/c2

COMPASS, PLB740, 303-311

11 D-wave

I*ui

H-+

! 1{” Ii ‘|||i

|f1**f1 44
1.2 1.6 2 2.4 2.8

A sharp drop appears at 2 GeV in P-wave
intensity and phase

No convincing physical motivation for it
It affects the position of the a;(1700)

We decided to fit up to 2 GeV only

m(n(’)

Heavy quark Spectroscopy

T ) [GEV/CQ]
A. Pilloni —
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Systematic studies

* Change of functional form and parameters in the denominator

JEET 2
NIt (S’mn(,),mw)

(S’ —l_ SR)2J+1+a
 Default: sp = 1 GeV?. We try sp = 0.8, 1.8 GeV?
e Default:a=2.Wetrya =1 en

: Tt TEER _
« We also try a different function: pN;;(s') = g0k SN2

!/
with @ = 2,1.5,1 (8", My, M)

* Change of parameters in the numerator

* Default: tofp = —0.1 GeVZ. We trytopp = —0.5 GeV?
e Default: 3rd order polynomial. We try 4th

A. Pilloni — Heavy quark Spectroscopy 3



Intensity / (20 MeV/c?)

1000/

pm channel and Deck amplitude

" (beam)

€ = +: natural

parity exchange

€= — unnatural

parity exchange

target

/1)
1t ~(bachelor)
-
T +
P
recoil

ap — a x-w'p (COMPASS 2008)

5000[
40001
30001

2000/

11" p(770) = P

0.100 < ' < 0.113 (GeV/e)

} Mass-independent fit
}\ Mass-dependent fit
resonant

non-resonant

el
22 24
my, [GeVier]

3000

2500

Intensity / (20 MeV/c?)

1000}

E2000[

1500

500(

ap — a-aatp (COMPASS 2008)
r 1T p(770) w P
- 0.449 < ' <0.724 (GeV/c)Y
r Mass-independent fit
[ Mass-dependent fit
; resonant }
[ non-resonant

] = . | | |

06 08 1 12 14 16 18 2 22 24
my, [GeV/c?]

A. Pilloni — Heavy quark Spectroscopy

Precoil

The production allows for a
nonresonant component (Deck effect)
The singularity is close to the physical
region, peaking background

We do not include this channel
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Intensity

—T'=2Im /5 [GeV]

Sea

x 103

rching for resonances in nm

140

120 |

100 -

o}
o
T

60 [

20 |

20

.1 ~Smooth «background»

Vs [GeV]

1.0 1.5
Vs [GeV]

2.0 2.5 3.0

O 1 1 1 1 1 1 1 1 1
1.0 1.2 1.4 1.6 1.8 20 2.2 24 26 2.8 3.0

-0.1 |

-0.2 |

-0.3

-0.4 |

-0.6

sp = 1.0 Gev?
sp =1.5 GeV?2
sp = 2.0 Gev?
sp = 2.5 GeV?

Precise determination
of pole position

a2

L -0.100 =

-0.110 |-

0.120"
1.302 1.306 1.310

1.0

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

m = Re /5, [GeV]
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The hybrid m4

A. Rodas, AP et al. (JPAC) PRL122, 042002

H\V

Hybrid Vehicle

A. Pilloni — Heavy quark Spectroscopy 4.0



Hybrid hunting

decaying into <

Excited gluon,
]PC = 1+—

mass ~ 1.0—1.5 GeV

Look for a 14 state with JP¢ = 1~7

(n mandn'm

p T — 31
bym — 5m

m / MeV

3000

J. Dudek 0f— 2t~
2750 O
25001 (-
D c
oo50F
2000} B2 4

1750
1so0f 177 0" F 17t 27
1250}

4+nnnlL

excitation of a quasiparticle?
- degenerate JP¢ = (0,1,2)" %, 17~

Entries / 20 I\/Ie‘u’/arz2

o
c o
o o

400
300
200
100F

S

=
b s O
Acceptance [%

1.5 2 2.5 3 3.5 4 4.5 5
m(n"ﬂ'_) [GeV/cz]

mall signal in data

A. Pilloni — Heavy quark Spectroscopy
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Two hybrid states???

1 (1400) g =11
NU 3000 See also the mini-review under non- 4 g candidates in PDG 2006 , Journal of Physics G33 1 (2006).
~
:> 2500 m (1400) MASS 1354 + 25 MeV (S = 1.8)
%J 2000 ‘ } | ‘ x1(1400) WIDTH 330 + 35 MeV/
Decay Modes
]
<+ 1500 | |H ” Scale Factor/
~ Mode Fraction (T; /T) Conf. Level
1000 I|| I nr® seen
w
E 5 00 |. | | I; na seen
g l I' I 0N
6

Neither lattice nor models predict two
1~ states in this region!

C\IU -
~ 5000F -
> ||| m1(1600) 16U =1"7")
v 4000F L
E - {I | 71(1600) MASS 1662+5 MeV
S 3000F * l a1 (1600) WIDTH 241 £ 40 MeV (S=1.4)
=f
| Decay Modes
~~2000F Scale Factor/
L—.ﬂ I Mode Fraction (T; /T) Conf. Level
5 1000 — {+ i I ATA seen
L‘E O ;l}-\"n“:t‘-‘n‘::‘lh‘:lnn‘- 1 H.:: l:fll![i*l‘ti'il!i i ii.u ;: i:l_T;_T[]I,:"_ iz?zeen
1 .2 1 - 6 2 2.4 2 .8 I, .':,u_]i.’ﬁ_l;r seen
I's n'(958)x~ seen
m(n'nm7) [GeV/ 02] Iy £i1285)% seen

A. Pilloni — Heavy quark Spectroscopy
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Amplitudes for n(V

We build the partial wave amplitudes according to the N /D method

Ima(s) = pa(s) t*(s)

do
°<—IPL F1a(s)|?

dys s

Production amplitude a(s)

T n f no

Im — Z ) s. L. M
P T P T
Scattering amplitude t(s)
"7 . g o "

Im — Z o ) s, L, M
TS e : .

A. Pilloni — Heavy quark Spectroscopy
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Amplitudes for n(V

We build the partial wave amplitudes according to the N /D method

Production amplitude a(s)

T n n

'
-
Ll

N(s) o n(s)

t(s) =

D(s) i -2

P T P
n(s)
Scattering amplitude t(s
The D(s) has only right hand cuts; & amp . (5 .
& : £ . n n n :
it contains all the Final State Interactions N L . e
constrained by unitarity = universal Im _ Z e
_/ \\_ n ”7/ ;
Im D(s) = —p N(s) | N(s)

| D(s)

A. Pilloni — Heavy quark Spectroscopy
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Amplitudes for n(V

We build the partial wave amplitudes according to the N /D method

Production amplitude a(s)

t(s) = Dgg,a(s) = Z((g I ;@i > D(s)

n(s)
Scattering amplitude t(s)
The n(s), N(s) have left hand cuts only, . , v o n
they depend on the exchanges = N v W N \
process-dependent, smooth Im = Z ~ ) D(s)
S w7 5 :
| | N(s)

A. Pilloni — Heavy quark Spectroscopy 45



Coupled channel: the model

A. Rodas, AP et al. (JPAC) PRL122, 042002

Two channels, i,k = nm,n'nm Two waves, | = P, D 37 fit parameters

o'e) 5l
: s pN;.(s')
Di.(s) = [KJ(S) ] — / gy —PNils)
ooow s'(s' — s — ie)
(R) (R) 4 )
I 9 Y; J J |
K (5) — s g 1 K-matrix pole for the P-wave
k1 2 k1 ) _
= mgp— S 2 K-matrix poles for the D-wave
L W,

Jri/o {0 2
A (s ,mn(,),mw) - > -
) = E a* T,

Left-hand scale (Blatt-Weisskopf radius) s = sq = 1 GeV?
a = 2, 3rd order polynomial for n,jc(s)

pN(S) = O

(s' + sg)

A. Pilloni — PregvygquarrSpeTTrostopy 46



Events/40 MeV
o o — — N N w
o U1 o o o ?

T
=
a
o
s
)
<
(0]
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08 1.0
Is (GeV)
x10°
5?—11'75 P-wave {) {J
5 !
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Pole hunting

x10°

140

120

100

0]
o
[[IIII|III|III|WIW|\\I‘\I[

Intensity

D-wave n n channel

-0.2

0.4

Im s (GeV?)

-0.6

-0.8

'U.II\I|III|\II

(i

,1%

Re s (GeV?)
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3000

2500
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1500

Intens

1000
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-0.2

Pole hunting

P-wave n ®© channel
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< 04
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S
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lloni — Heavy quark Spectroscopy
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Events/40 MeV

Events/40 MeV
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Correlations

Denominator parameters uncorrelated with
the numerator ones v

Production (numerator) parameters

M,y

si919weded «ajod» xiyew-y

B
e
Qo

a
a
a
a.
a
a
a
a
a
a
a
a
a
a
a

D
'

D
T

dD

nanm

nren'w

c
&3
CP

C
C
C
d
dP

Denominator parameters uncorrelated
between P- and D-wave v

K-matrix «bkg» parameters

®
3
e
1=

“A. Pilloni — Heavy q'uark Spectroscopy

sJioloweded «3)g» Xulew-y
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Bootstrap

Width (GeV)

0.0 - 0.0 -
o - P-wave poles o -  D-wave poles
g e []
- - a,(1320)
0.2 — 0.2 —
- 0.3
= 0.4
S E
< 0.5 =
- o -
0.6 E_ ; 0.6 E_
0.7 & 0.7 &
0.8 |- 0.8
0.9 f— ' S : 0.9 f—
10: ’ 1,7‘7,.|',‘,|,,,|,"'-',-"'|_:'-,..‘.|‘ |]1 10:{:|\l|||\||\||||\|||\|||||||\|||||||
: 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 : 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Mass (GeV) Mass (GeV)

We can identify the poles in the region m € [1.2,2] GeV,T € [0, 1] GeV

Two stable isolated poles are indentifiable in the D-wave
Only one is stable in the P-wave
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Systematic studies

0.0

- P-wave poles — Refersnce
- —— 8,=0.8 GeV
01— — 5,=18GeV’
C =1
- —Qa=1
02— — Q,0=15
C Q,a=2
< - Polynomial
3 03[ t=-05GeV
S t
£ 04—
° B
= r
05—
0.6 —
0.7
— 1 | 1 1 | 1 1 | 1 I 1 1 | 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 L | 1 1 1 1
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Mass (GeV)

0.00

0.05

D-wave poles

a,(1320)

i

0.108F
0.110F
0.112f
0.114F
0.116F
0.118f
0.120F
0.122

1302 1.304 1,306 1.308 1.310

PO[TTTT

1.3 1.4 15 1.6 1.7 1.8 1.9 2.0
Mass (GeV)

For each class, the maximum deviation of mass and width is taken as a systematic error
Deviation smaller than the statistical error are neglected
Systematic of different classes are summed in quadrature

A. Pilloni — Heavy quark Spectroscopy
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0.0
0.1
0.2
0.3
0.4

0.5

Width (GeV)

0.6

0.7

0.8

0.9

1.0

Bootstrap for sy = 1.8 GeV?

lIII|IIII|IIII|IIII|IIIII|III|IIII|IIII|IIII|III1

0.0

P-wave poles o D-wave poles
' a,(1320)
0.2
0.3

0.4

Width (GeV)
o
[$)]

‘\III|I\II|IHIIIIII|\III|I\II|IIH|IIII|III\

] | 1 I 1 1 1 | 1 1 1 I Il 1 0 ‘ ; EX = - | 1 | 1 I | 1 | I 1 1 1 | 1 | 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1

—
(o] 5
ot

o
o
—
o
—
o

1.4 1.8 2.0 22 24 ~ 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24
Mass (GeV) Mass (GeV)

Our skepticism about a second pole in the relevant region is confirmed:
It is unstable and not trustable
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Final results

0.0 —
0.13— - d5(1320)
02— a,(1700)
s E i
© 03— 1
O] — 0.110F
% 0.4—
= — 0.115F
= 05—
0.63— 0.120} : .
— 1.305 1.310
0'7:_ N T R SR SR S A S NS S R A
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Mass (GeV)
Poles Mass (MeV) Width (MeV) Agreement with Lattice is restored

A.

a2(1320) 1306.0£0.8+1.3 114.4+1.6+0.0
ay(1700) 1722+ 15+ 67 247 £ 17+ 63

That’s the most rigorous extraction
1 1564 4 24 4 86 492 + 54 £+ 102

of an exotic meson available so far!
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The scalar glueball

A. Rodas, AP et al. (JPAC) in progress
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Glueballs

The clearest sign of confinement in pure Yang-Mills
The worst state to search in real life

12
10
8
e 6
4
2
0
A. Pilloni —

0" I

L 2" =3 D

r 3++ _0"*'_ . 1

3 I

-Morningstar and Peardon _

 PRD60, 034509

+ +
PC

Jre Mass MeV

Unquenched Quenched

This work M&P Ky Meyer
[ 2590(40)(130) | 2560(35)(120) | 2250(60)(100)
2—+ 3460(320) | 3100(30)(150) | 3040(40)(150) | 2780(50)(130)
0 4490(590) | 3640(60)(180) 3370(150)(150)
2-+ 3480(140)(160)
5+ 3942(160)(180)

~ (exotic) | 5166(1000)

- 3850(50)(190) | 3830(40)(190) | 3240(330)(150)
27~ 4590(740) | 3930(40)(190) | 4010(45)(200) | 3660(130)(170)
2—- 3.7—10(20{))“70)
3 4130(90)(200) | 4200(45)(200) | 4330(260)(200)
1t 3270(340) | 2940(30)(140) | 2980(30)(140) | 2670(65)(120)
31 3850(350) | 3550(40)(170) | 3600(40)(170) | 3270(90)(150)
3+ 3630(140)(160)

27 (exotic) 4140(50)(200) | 4230(50)(200)

07~ (exotic) | 5450(830) | 4740(70)(230) | 4780(60)(230)
5+ 4110(170)(190)
o+t 1795(60) 1730(50)(80) | 1710(50)(80) | 1475(30)(65)
2+ 2620(50) 2400(25)(120) | 2390(30)(120) | 2150(30)(100)
0tt 3760(240) | 2670(180)(130) 2755(30)(120)
3t 3690(40)(180) | 3670(50)(180) | 3385(90)(150)
o+t 3370(100)(150)
o+t 3990(210)(18
2+t Gregory et a/' 288()?1[]()%130)
4+ 3640(90)(160)
«~+ JHEP1210, 170 4360(260)(200)
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This is a gluon-rich process, expected to be one of the
golden channels for the search of the scalar glueball
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Same model as before

Two channels, i, k = nm, KK

Dii(s) = |K'(s)]

Two waves, ] = S,D

52 parameters

pNi(s')

5 [ -
/ dS, k '
e s'(s' — s — ie)

o QJER)Q'(R) J J g
Higld) = = = e + di; s
R R
7 )\J-|-1/2 (S,a mi(/)a m?r) 5
!
kaz(S) =5 6‘% (S’ i SR)2J+1+a nk

3 K-matrix pole for the S-wave
3 K-matrix poles for the D-wave

~N

J
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Fit results (preliminary)

Jy — v w (S wave) Jv — vy KK (S wave)

> 16000 > F
2 = £ 30000
b= [ =1 —
B 14000 5 -
5 - 5 25000~
£ 12000 i -
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8000 |~ 15000 —
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2000 :—++ c
op
0 C

[ . I ! | L ! ! I | ! ! L ! Ly
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Pole position (preliminary)

Re s (GeV?)

M(f,(1500)) = 1460 MeV [(f,(1500)) = 85 MeV
M(f,(1710)) = 1800 MeV [(f,(1710)) = 190 MeV
M(f,(2020)) = 1970 MeV ['(f,(2020)) = 490 MeV
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Amplitude analysis for Z,.(3900)

One can test different parametrizations of the amplitude, which correspond to

different singularities - different natures AP et al. (JPAC), PLB772, 200
Z.(3900)?
s -— 5
—>

/ m rﬁ D* /

w: Dy(2400) u: 7,.(3900)?
D,(2420)
Triangle rescattering, (anti)bound state,
logarithmic branching point II/1V sheet pole
(«molecule»)
- °

Tornqvist, Z.Phys. C61, 525
Swanson, Phys.Rept. 429
Szczepaniak, PLB747, 410 Hanhart et al. PRL111, 132003

"o, f,(980)"

Resonance,
lll sheet pole

(«compact state»)

Maiani et al., PRD71, 014028
Faccini et al., PRD87, 111102
Esposito et al., Phys.Rept. 668
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Fit: 111

120 200r
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c 40: J[W TT H Wﬂ ll'HHM l‘w lﬂH}\ | #ﬂ ﬂr c ig‘% + H ll JVT |HH ] Jﬂ &
zog#ﬁﬁ L + Wi 20? + i ﬁﬁt
g2 3.3 34 35 36 37 38 39 4.0 441 &65370375380385390395400 405410
m({J/y w) (GeV) m({J/y w) (GeV)
- 90¢ 1207 Egy = 4.26 GeV
50;— Egy = 4.26 GeV ig:: | + Egyy = 4.23 GeV 100; + J{J{
~ 40— T = _F 5 e
ik g e s /!
= | Eo i o
g 20/ Wﬂk { % £ a0: T“M £ 40- . ﬁ ﬂﬂﬂ
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Fit: 111+tr.

120 200r
- Egy = 4.26 GeV 1800 Egy = 4.23 GeV
100 } Q 160F
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g 60: H% I‘ '4”1 H ML j }H( hk« g 80; J( + i'l Wﬁ
S Mﬁ" R | Seop b ot T
o0F- ﬁ t H mhﬂr 40;H| B '+| T ﬁLJr +
¥ e AT
0% 33 34 3536 57 58 39 40 41 £65 370 3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10
m(JAy ) (GeV) m(JAy ) (GeV)
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Fit: IV+tr.

120[ 200¢
100 i } Ecm = 426 GeV 1802— Egy = 4.23 GeV
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; ﬂ g 3o ﬁ ﬂ% + S i
% 30;— % 50;: il & % eo; J}
5 Qoﬁ%ﬂﬁ % b ;ﬁﬂ’rik %[ 8 + ﬁ%ﬁ mﬂﬂ
f 7l uﬁ@& 20%" | @FT il % g + B
12% WHJ( l | ﬁlﬁ'” HHF#‘%HDLLLJF J’ 1S§L R I ‘Jr. |H TH#H;TTETH{J[@JFW | 22_ T R H ++ P R o I
3.90 3 4.00 4.05 4. 10 3.90 3.95 4.00 4.05 410 04 0 6 0.8 1.0 1.2
m(ﬁD ) (GeV) m(DD*) (GeV) m(x m) (GeV)

A. Pilloni — Heavy quark Spectroscopy

65




Fit: tr.
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Pole extraction

200¢ 200r 200r
1802_ I I I ECM= 4.23 GeV 1805_ | | | t ECM = 4.23 GeV 1805_ IV+t ECM = 4.23 GeV
1601 160 . 160 r.
3140 S 1400 S 1400
S 120F 81205 { 81205 ‘J[
Z100f 2100 Jr T‘ 2100 N
5 805 g 80- | | + ﬁ g 80- ! M JL
= 60 N Goi‘lﬁﬁwjf L!I \Pﬂ\ Jr M‘ + N Goi,i JH\J( H‘\ ﬁjﬂw 1 Ny +
" ST U WLy i U L TR
208 20= t et 20= t Pt
o b b b b b e Poale g Ly o b b b b b b bt I s b b b b b b bt
£65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10 :9.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10 :9.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10
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60 120 o0
F F 4007
s %O < toop S 9505
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5 : % F 250
E "L E " £ o
N e “aof o 150
: . 100F
10— 20— i
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0iaes G088 5090 9892 9804 509 509 3900 dboo mes  s000  Se0s  5ei0  se1E . dez0 LTy s Es - se T am T aos
Re(ysp) (GeV) Re(ysp) (GeV) Re(|sp) (GeV)
Scenario [T +tr. IV+tr. tr. T +tr IVitr
I1I 1.50 (1.50) 150 2.70) “240” (“l40”
(157) (&day 2fg (157) M (MeV) | 38932'55 390511 3900"140
113 99 £k ) = c — — —
IV+tr. - - 2.10” (0.907) 14 26 130

Not conclusive at this stage
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Pole hunting

| sheet

Extracting physics information
means to hunt for poles in the
complex plane

Pole position - Mass and width
Residues - Couplings

IV Virtual state I

Bound state . e "/ Resonance

.....

I1 M1
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Finite energy sum rules

(m(r]n) < 3 (GeV/c?)? T — — _/ﬁ\K/,/\\e;Q p / m(nm) € [5-6] (GeV/ch

" 5 fwdn ™T---@-—--1
1.5 2 25 3 35 4 45 5 P - — -7
GeV/c?
PWA in the low i KEEE]
energy region Regge exchanges

Resonance Analytically

at high energy
Kextraction ) connected \ /
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X(3872)

\
@_ w(2s)  q)dato

* Discovered in
B S KX K Fhlinr

e Quantum numbers 1+
e Very close to DD* threshold

* Too narrow for an above-
treshold charmonium

* |sospin violation too big
rx-J/y w)
~0.8 + 0.
r(x-Jj/y p) 98200
* Mass prediction not

compatible with y.; (2P)
M = 3871.68 + 0.17 MeV

MX = MDD* — _3 i 192 keV
[ < 1.2 MeV @90%

300 |
>
Q
(D | .
@]
= 200 N .
e W
2]
‘E 4
[} L 4
>
@ 100 - - ﬁ% 1%
‘ X(3872) | \
A L]
o Lo Sl 1
0.40 080 1.20 |
M(x*7TT) - M(*T) (GeV) ;
. &
~, 5000 3
;4500 3 N —1
%sooo~ i~ |/ 3900
gssoo o 2 L rx* ) [MeV/c)
530(”5 ‘l’:: 384 3883 a3
2500/
2000} . a
s Ny ssro, = 548 = 104 (stat.)
1800 N, s, = 7346 + 155(s ta?)
1000} e
S00f- cMS Prelimina ry fl_dl =40 pb"'
96 365 37 375 38 385 39 395 4
JAp x*x invariant mass [GeV/c?)
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-B [nb/GeV]

) /de

prompt
X(3872

do
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X(3872)

Large prompt production
at hadron colliders

opr X B(X — J/Yrm)

= (1.06 £ 0.11 £ 0.15) nb

—
Q

10%

CMS, JHEP 1304, 154

AR

T T
CMS \s=
L=4.8fb"
lyl <1.2

—LO NRQCD

- —LO NRQCD uncertainty T

7 TeV

15 20 25
pT(J/qf Tt

30
) [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

Y (4660) Y (4630)
4500
-~ Y (4360 1(4415)
;Q‘J Y (4260 L
& Y (4 y’[4220) ¥ (4230)
sl
2 (4160
=
Y (4008
4000 (4040)
(3770
W(25)

T/ m W(28)rmw hemm XeOw AcA. charmonia

120}

—
0 O
(-]

Entries/20 MeV/c?
B [e)]
(e ] (@]

L L L LA |

N
(=

48"

J</ O

Belle I

S i a4 ae A 5 50 5.4
M JAy) (GeVicd)

Lots of unexpected J©¢ = 17~

states

found in ISR/direct production (and nowhere else!)

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

Not seen decaying into open charm pairs

Large HQSS violation
T e el
i + e BES h, .
o
: ﬂ" nE
20143 AL
_ 549
o AAACTEYY

44 45 46
Ecm (GeV)
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Vector Y states in BESIII

BESIII, PRL118, 092001 (2017)

100
o) [ ——XvzZ BGS]]I
RS> - = Fitl
—~ 80 _ M
“-E: B BABAR
Iﬂ -
[ 60— =: - Bele
+ -
11\: B
'O 40 -
+
S C
% 20__ » "
=] -
&) L -
0 | - | T T T T N SN TR S NN S T S
3.8 4 4.2 4.4 4.6
Eem (GEV)

New BESIII data show a peculiar lineshape
for the Y (4260)

The state appear lighter and narrower,
compatible with the ones in h . and y ow
A broader old-fashioned Y (4260) is
appearing in DD*m, maybe indicating a DD,
dominance

ete™ - J/Ynm
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BESIII, PRL118, 092002 (2017)
ete”™ - h,

- BESIII: R-scan data sample
= BESIIL: XYZ data sample
—Fit curve: Total
Fit curve: Y(4220)
-- Fit curve: Y(4390)

BESI

50

Dressed Cross section (pb)
=
= =
Illll\\\\II‘I\\IlIIII‘\\\\l\\Illl

-50
I 11 | 1 I L1 | I I | ‘ 1111 | I - I - 11
3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6
s (GeV)
1000 T L B e e B B T B S LI B
soo— BESII Preliminary } } —
-& 600 e e —> 1T D D =
05400:— N
200 =
0_-' = ..-J.::L'é':'"'i__“ T pe g M AR R
4.1 4.2 4.3 4.4 4.5 4.6
Fit with a constant (pink dashed triple-dBi{§@¥d two constant width relativistic
BW functions ( and ).
M(Y(4220)) = (4224.845.6+4.0) MeV/c*, I'(Y(4220)) =(72.349.1+0.9) Me\

:’U(Y(-l:\"ll)]_) (4400.1£9.3+2.1) MeV/c*, I'(Y(4220)) = (181.7£16.91+7.4) MeV BESE



Charged Z states: Z.(3900), Z.(4020)

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

4500 Z(4430)
E Z,(4200) z
=
& Z:(1020) 7,(4050)
= 4000
Z:(3900)
JP "
= BE —4- Data
No 10 i Sm — Total fit
S i -=-= Background fit
8 oF -+=+ PHSP MC
py L DS\debaﬂd
S eo- .}
o i
- "
o 40r +. el
5 | fee,
g 20 3 . *I
0 . i I PN BB A .
3.7 3,8 3.9 4.0

DDy
D*D?

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

DD

Mo (R50/) (GeV/c?)

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

[y
()
=~

T 1
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Charged Z states: Z,(10610), Z;(10650)

‘o ! .. . .
> 120000 (a) Anomalous dipion width in Y(55),
o 3 210000 2 orders of magnitude larger than Y(nS)
U ~—
N = 8000
] 2]
= 1 £
0 g 000 Moreover, observed Y(5S) — h,(nP)rm
I which violates HQSS
; 2000 + _L
= , Al
0 Lo ol O W R R e T e 1 :T l Jl T
10.4 10.45 10.5 10.55 10.6 10.65 10.7 10.75 2000 L t b
M(Y(28) %), (GeV/c?) e L o ed 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*°B**x~
M = 10652.2+ 1.5MeV, I = 11.5 + 2.2 MeV

2 twin resonances!
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