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Overview

0 Hadrons as laboratory for QCD
@ Effective gluons

e Hybrids: expectations
@ Lattice results
@ Experimental results

e How to identify them. Amplitude analysis
@ Resonance pole positions
@ Thresholds
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Hadrons as laboratory for QCD Effective gluons

Why spectroscopy
@ Gluons are responsible for the mass
mv generation and the color confinement
Lt
@ States of matter dominated by
9% a;ygy Lylsier radiation: glueballs, hybrids
= @ Quarks and gluons are not realized in
+ Wiyt ke the nature.
+ R~ Vip) @ Hadrons are the basic excitations of
the QCD condensed matter (the
vacuum)

D. Leinweber
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Hadrons as laboratory for QCD Effective gluons

Quark model
M als 441!’ —3P . '
P (4415) @ Quark model is suprisingly
45 & accurate
w&O_llU) / @ Some states are missing
35 ? e Can Regge theory be of
4.0 — use?
_ @ There is plenty of evidence of
¥i28) D'D non-quark model phenomenon
T @5 hoXeo yo (experiment + lattice)
-— Xel ©
35 * g o What are they?
—e—1P . !
- e How to “poke” the glue?
e How to distinguish
. J/¢ “elementary” hadrons from
. —o—
3.0 g——15 hadron molecules?
o+ 1- 1+ Q++ 1++ 2++ 2+1-2- 3~ 3+-2++ 3+ 4+

Jre
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Hadrons as laboratory for QCD Effective gluons

Lattice results and Regge trajectories

e naturality name
=PI
3000
o N N foa,
o N 4 N (14.3,)
o E N nmonme..
25001 o El B fufs,
? [: o +1 +1 ho.ha,.. (0+,2+,.)
g_ 2000|- W o + i Wi/,
g o 1 N ( wlbowide, (0-2, r\olseen))
= o A 4 S—r
g€ 15001 1 R ] bob, - (0+2+..)
1+ N A pips,
1+ [ ] ( 0.0z, (0-.2- . ot seen) )
1+ El A br.bs.
e Same question in — 5 .
charmonium, where is 5, + | + g o (1737.)
—”13 JPC — 2——7 1 1 e e,
500 ’ ’ 1 -1 -1 a1as,
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Hadrons as laboratory for QCD Effective gluons

Hadrons beyond the quark model

QCD: There are many other possible color singlets.

g “€ &
Yds s 8
dibaryon pentaquark glueball

; 0.
- 0ok

diquark + di-antiquark ~ dimeson molecule

D

qq g hybrid
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Hadrons as laboratory for QCD Effective gluons

Confining and confined gluons

@ provide confinement = long range
correlations

@ are confined =- short range correlations

space

Constituent gluon of Confined potential

large effective mass
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Hadrons as laboratory for QCD Effective gluons

Some hints from the classical theory

QCD hamiltonian approach,
@ slope of the confining potential

[J. Greensite, S. Olejnik, Phys.Rev. D674(2003 094503] [J.Greensite, A.Szczepaniak, Phys.Rev. D91 034503]
V(R,0)=-log[G(R,1)], p=2 5, 24' 70
2 T . .
[ g!,gg“mmmm s Coulomb string tension-
-—— 0392 +0.105 d
151 o wimeuvortes sl V(R)=— lim |og{qq<0\e/ \o>qq}

40 -

V(R)

30 -

20 -

“with constituent gluons |

0 10 20 30 40 50 60 70
R

@ Physical quarks appear to move in a gluon mean field

@ The condensate can be excited leading to effective (constituent)
gluons
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Hadrons as laboratory for QCD Effective gluons

Static gq pair as a diatomic molecule

K.Juge Bt" al, Phys.Rev.Lett. 90 (2003) 161601]
Bali gt. gl, Phys. Rev. D 69;09400f (2004)] Hé B
\ =

4]

[En() - Ex;(ro)lro
D

@ Three-body forces are responsible for the energy level inversion
@ Gluons behave as quasiparticles with J"€ = 11—

[P.Krupinski, A.Szczepaniak, Phys.Rev. D73 (2006) 116002]
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Constituent gluons lead to the hybrid multiples

negative parity positive parity exotics
e =5
5 S 5 = = —
e, RSO e
=
— =5
— 5 mm3
_g, — gt
1+
10 —5 i
- @ T My = 396 MeV
5 - isoscalar
3 Ls
05 *v - isovector
T pet YM glueball
[Dudek et. al, Phys. Rev D83 (2011) 111502]

@ Four lowest multiplets in the hybrid super multiplet:
o 17" 0" =1"",
1t @1t =0""*1"12+,
@ 10 multiplets of 15! orbital excitation.
17.07.2017
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Hybrids: expectations Lattice results

Charmonium spectrum form lattice

Expected hybrids: [o**, SRR e b Mo**, R e e e B i S-S 3**}

1500
i —
| &=
1000
s i —_—
% —
= + —_
5 L —
3 —
= L
500
0
ot 1T 27t 27—
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L [Liuming Liu et al., JHEP 12(

=

8

7 (2012) 12 6]

__0++ 1 1t ott gt gt gt
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Y (4260) is a hybrid candidate

Discovered by Babar in J/¢7* 7, confirmed by CLEO, Belle

. 7 BAS0E0E-001
b i T | T ]
5 1] CLEO .| jws
2 BaBar [Phys. Hev Lett.95:142001!21 05] % 5F e
- wE i =5
gt ‘ M ] s
lﬁm TOIE AT e e ] z 00 L0 IV
[ ’ Py L A e
g c
E 2 2
10) [T
1k
[ 1 I | (4] B o | o ol 1
iz 4 42 44 6 13 38 4 42 44 46 4B 5 52
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Hybrids: expectations Experimental results

Exotics 1~ in the experiment, grom aszzepaniag
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Hybrids: expectations Experimental results

Exotics 1~ in the experiment, grom aszzepaniag
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Hybrids: expectations Experimental results

1~"pr P-wave at the 37

PWA at COMPASS
88 TTp—w ntn p: 17 prP
FLS (m37r) L-wave o —
JPCMffL wave SFone 1500} I p \COMPASS.
Isobars: p, pg, fo, f5(980), f,(600) H}l o .
+ £
_ 1000 ( v o
Exchange process (“force”) is i BNL fw
s || 21 wavgs ~
decomposed to an infinite number of 500 | }
partial waves | J, R L/ B
n* 10 15 20 LS
B (mm) / B F. Haas, PthheS|s
w s .
- 3:: a) ; ;_,,W L.
P Q00 I . "; 0 . %, COMPASS
g0 VES T o
j:: U 44 E -
. . 3 wavps = o
Interpretation ambiguous Yo b
without implementing mEfl i |
force-resonance duality L TR T
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Hybrids: expectations Experimental results

Forces-resonances duality

N
(1) 4 Exchange-processes are backgrounds
™ to the resonances. It is not clear how
4 to implement them in the
P . .
mass-independent fit.
_ 10° 5 «10° _7p — nx-xp (COMPASS 2008)
Y P60 pAM0)TH 041% & 250/ 0" p(770) 7 S
% Mo sesomovie = 0.100 < ' <0.113 (GeV/c)’
ERa { { 2 A Mass-independent fit
S * { } { S 2000 Mass-dependent fit
H i H H} < resonant
s | | h& JWJH PS non-resonant
T
06F ” { 1 L
04f 1
o W‘H* s0p
T bt
Byt ap sl ’M"nﬁ Lol b bl 1 I el T Lot il
06 08 1 12 14 16 18 2 22 24 06 08 1 12141618 2 2224
Mass of the TR System (GeVic®) my, [GeV/e?]
om [ &0 g0} 5 H EPS e 1707 p(770) 7 S -
| . -
o =t N
- o o000 .
-t = - -

[D. Ryabchikov, PWA9/ATHOS4 meeting]
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Tatancin [0 NMa\/l

7p = a7 x'p (COMPASS 2008)
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Analysis methods Resonance pole positions

S-matrix principles
Crossing, Analyticity, Unitarity

To test a hypothesis about the nature of a
“peak” (e.g. resonance, etc.) one needs to
construct an amplitude consistent with
S-matrix principles (otherwise false
singularities appear).

M. Mikhasenko (JPAC) Amplitude analysis

Ay(s +ie) # Ai(s — ie)

s-plane l

‘ Unitarity

A(s,t) = 3 Auls)Pu(zs)

1
Analyticity
Ai(s) = lim Ai(s +i€)

Asd) .
i

s-channel M-decay channel
Crossing

t

e
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Analysis methods Resonance pole positions

27T states
Amplitude analysis of nm system [A.Jackura(JPAC), arXiv:1707.02848]
_ ty
T — n T
S
P ﬂ) Im
" P T P L

Intensity

@ Reaction is constrained by unitarity Im f(s) = 1(s) p(s) a5, (s)
@ Amplitude = Production x nm-interaction

L . _ "IN(s")
@ N-over-D parametrization of r-amplitude. D = Do(s) — £ [ ds' 2D,
@ Analytic amplitude — second sheet = particles poles

10 0.0
T —
ol ‘ Z o1t @ g
100 \‘ 10 ¥ 1 = 02| . -0.100 S
' Il ¥ @ " @
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wl | i e s 20 & : )

I N 04 | — g Jev - W
w0t 73 ! —_ -0.120" L

705 | B 1302 1.306 1310
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V5 [Gev] m = Re /55 [GeV]
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Analysis methods Resonance pole positions

2" states

Amplitude analysis of 37 system
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Analysis methods Thresholds

Importance of thresholds
Molecules candidates: 1 (980), a,(980), a1(1420), A(1405), XYZ, ...

Deutron is np-molecule bound by meson-exchange forces.

M2 L i
N, BOUND STATE @ Thresholds are “windows” to
LY

Y singularities (particles, visual
*

s states, forces” ) located on the
nearby unphysical sheet.

—=
"‘-HH-

VIRTUAL STATE @ Singularities appear as cusps (if
below threshold) or bumps (if
above)

1 1
dme=42] 42 —_—

@ Bound state: pole at the physical energy plane
@ Virtual state: pole at the “unphysical sheet” closest to physical region.
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Analysis methods Thresholds

Lattice resutls on ay(980)

Scattering phase shifts

@ Coupled-channel
analysis of the

KK — nm operators ‘
@ ap(980) is in the scalar ‘
isovector channel
U
- IV sheet pole: .
- g “almost” bound . 5,
N molecule  (vir-

tual state i
analogy to 1

! 0.18 0.19 0.20 021 022 023 H
a nn
[Phys.Rev. D93 (2016) no.9, 094506] state P)

K

K
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Thresholds in the charmonium sector

D(1P)D,(1F,), D, D,(1P,), D; D,(1F,)
4600 I D" D(1R,) g
E—— D(1P)D;, D" D,(1R), D(1B,)D,, D* D (1P,)
- 'D,p(1PR), DD (IR D DILE)
—_— D* D(1R,), DD(1P,) D,D(1P}), DD (1F;)
44001 _ D(1P,)D,, DD(1F,), DD,(1P,), D* D,(1P,) -
DD,(1P,), D* D,(1P,)
- DD(1P) DD (1P,)
>
(] DrD}
© 4200t DD,(1F) 1
i)
° DeD;s «
G DD, Several of the| “non
1] ” .
€ D*Dp* quark model” ¢andi-
= 4000} D*D, DD p
‘ D, dates seem to appear
. near a “heavy” thresh-
DD, old
38001 g
X(3872)
Z:(3900)
[E.Eichten, 2016]
3600
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Amp“tUde anaIYSiS of ZC(3900)5 [Pilloni et. al, Phys.Lett. B772 (2017) 200-209]

Different singularities — different natures
@ reactions Y(4260) — J/¢mr and Y(4260) — D*D
@ Amplitude is analytic function of J/¢ 7 mass s.

@ Coupled channel analysis — 4 Riemann sheets of A(s)

Complex s-plane . . .
loosely bound state can not happen Trlangle smgularlty from the graph

v I

incorporated in the amplitude

I S— I

loosely bound “molecule” resonance
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Analysis methods Thresholds

The fit, [Pilloni et. al, Phys.Lett. B772 (2017) 200-209]
Triangle + pole at the llI-sheet of J/¢m amplitude

120, 200 120
1805 Ecy =4.23 GeV Ecy=4.26 GeV 4
100) 160E 100 /\
3 &0 3 140E 3 80 [T
s S 1208 s
Z 60 21005 2 60)
I\
: § o I : A
£ 40 = 60 1 £ 40 I 1 \H
40%—‘1—‘“’/ Wt
20 20
| R Nly, ot N
95 3373473556 37 38739 40 41 ?.65370375 360 3.65 3.90 3.95 400 4.05 4.10 04 06 08 10 12
m(Jhy n) (GeV) mJhy =) (GeV) m(r ) (GeV)
(a) (b) (©)
50F Egy =4.26 GeV.

Egyy =423 GeV

Intensity (a.u.)
Intensity (a.u.)

i) %%hm

fy)

10;{% ‘F?i\\ J[J“ H\ &M#

R £ 1 H 1
UL g o B L it
3.90 3.95 4.00 4.05 4.10 3.90 3.95 4.00 4.05 41
m(DD*) (GeV) m(DD*) (GeV)
(@) (e

Fig. 4. Result of the fit for the scenario Il +tr. (Flatté K-matrix, with triangle singularity). The plot legend and the comments on the fit are given in the caption of Fig. 3.
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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COMPASS a;(1420) and the triangle singularity

Unexpected peak in the 17 fym P-wave

R
a4 25F o Jf,(980) P 170" f,m P: triangle amplitude + background
% [ (a) 0.1<1'<1.0(GeVicy gE e
= - (1) Mass-dependent fit BooE
ﬁ 20: (2) Resonance 300é & )\q\
g r (3) Non-resonant term E & FI\\
; 15 200 ER o
5 ¢
S 10 E
5:* —100%—
; —200;
G:-{';’J ‘ ' *300;”‘\””HG‘T'\HH\HH\HHmm\m
1 1 2 1 4 1 6 1 8 2 227 -200 -100 100 200 300 400 SOOI "
[COMPASS 2015] m; [GeVic] [MM, B. Ketzer, BORMIO2016] real®)
K*(892) A @ Amplitude with the tr. diagram describes
R K . the data without free parameters
a1
" 5(080) @ Rescattering vs resonance — three body
[MM, B. Ketzer, A. Sarantzev] B Unitarity is required
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Pentaquark, P.(4450)

@ Many thresholds nearby

) . B’ + A(2593)
N(1440)'Py; + 1(1S)

4.

@ Difficult to find out the relevant
channels

_ D'(2010) + £, (2455)"*
D (2007) + Z.(2455)"
. / he1P)op
\ / .
. . . e
4.40 4.42 44 4.46 4.48

K
1.2]
A
1.0}
0.8 fJ/LV
06 Pussso) i K
523 (GeV)
) e
@ High spin!
17.07.2017
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Analysis methods Thresholds

Determination of resonances quantum numbers

Spin formalism, [T. Skwarnicki & JPAC]

@ What do we know about kinematics? < Reps. of Rotation Group

@ How can we constraint the dynamics? <« Unitarity

Formalisms on the market:

@ Helicity, Spin-Orbit, Zemach tensors, Chung’s relativistic
corrections, Covariant LS by Fillipini, .. .

M. Mikhasenko (JPAC) Amplitude analysis 17.07.2017
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( ) @ Models have different energy dependence,
M, In general unknown, coupling const is a model
schannel " decaychannel @ Some introduce spurious singularities
Crossing @ Some do not satisfy crossing
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Joint Physics Analysis Center(JPAC)

@ Started in the Fall of 2013 to support
the extraction of physics results from
analysis of experimental data from
JLab12 and other accelerator
laboratories.

@ Work is on theoretical,
phenomenological and data
analysis tools in close collaboration
with theorists and experimentalists
worldwide.

@ Contribute to education of new

generation of practitioners in
physics of strong interactions.
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Thresholds

Museo de la Luz

Proyecto de Renovacién

sl MUSEO DE LA LUZ

Y

1

EiCIESEd i
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Analysis methods Thresholds

Thank you for the attention

| thank Bernhard Ketzer, Adam Szczepaniak for the help
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