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From data to the spectrum
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The connection between data and resonances is not straighforward
Using unconstrained functions, one risks to get random results
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From data to the spectrum
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The connection between data and resonances is not straighforward
Using unconstrained functions, one risks to get random results
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Hadron Spectroscopy Hybrids ~ Tetraquark
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Hybrids hunting
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Two light 1~ hybrid states?
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Light and heavy hybrids
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Amplitudes for n(V

We build the partial wave amplitudes according to the N /D method
A. Jackura, M. Mikhasenko, AP et al. (JPAC & COMPASS), PLB779, 464-472

: : A. Rodas, AP et al. (JPAC), 1810.04171
At COMPASS kinematics,

Pomeron is the dominant exchange Production amplitude a(s)
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The D(s) has only right hand cuts; /

it contains all the Final State Interactions The n(s), N(s) have left hand cuts only,
they depend on the exchanges =

constrained by unitarit universal
y e process-dependent, smooth
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Fit to P- and D-wave

A. Rodas, AP et al. (JPAC), 1810.04171
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x*/dof ~ 1.3, statistical error estimated via 50k bootstraps
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Complex plane
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For the best fit solution, we look at the closest Riemann sheet in the complex plane
We see a limited amount of poles in the relevant region

We also see some close-to-threshold poles, which are artifacts of the model for N(s)

How to distinguish the two?
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Bootstrap
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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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Final results

0.0 —
= o 8,(1320)
02— a,'(1700)
s E i
© 03— 1
O] — 0.110F
% 0.4 —
= — 0.115F
= 05—
06 f_ 0.120F . .
— 1.305 1.310
0.7 =
— L | ! L ! L | L L L L ] L ] L L | L L L L | N ! 1 ! | ! ! ! ! |
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Mass (GeV)
: We reconciled the theory expectations
Poles Mass (MeV) Width (MeV) LoAE

a5(1320) 1306.0 £ 0.8+ 1.3 1144+ 1.6 £ 0.0 i he e inen g

ab(1700) 1722+ 15467 247+ 17 + 63

T 1564 - 24 + 86 499 + 54 + 102 This is the most robust extraction of

exotic resonance to date
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For example, photon collision available at EIC,
C = + states available

Complementary to pion + Pomeron at COMPASS

Access to Q2 dependence, hints on the nature
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Heavy hybrids
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Charmonium Hybrid spectrum for k = 17~

M. Berwein, N. Brambilla, JTC, A. Valro. Phys.Rev.D92 (2015)
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Vector Y states
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Search for vectors

—1000
Vector meson photoproduction is well known, 3 a)  40<W, <160 GeV H1 @
) [GeV?]
e.g. at HERA 8 e
Same mechanism to be applied for Y states too [
/I\
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Hybrid production cross section can be estimated using NRQCD + some modeling:
®* G@G. Chiladze et al., PRD58 (1998), 034013 for B decays
* No calculation available yet for prompt production
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Hadron Spectroscopy
p(770)  I1°UJPS)=17(1")

Review:  The p(770)

p(770) MASS

NEUTRAL ONLY, e* e~

CHARGED ONLY, 7 DECAYS and et ¢~
MIXED CHARGES, OTHER REACTIONS
Mass m

CHARGED ONLY, HADROPRODUCED
NEUTRAL ONLY, PHOTOPRODUCED
NEUTRAL ONLY, OTHER REACTIONS

}”,‘1(770)“ -_ m!}(??o-}i
My 770y — Mp(770)~
p(770) RANGE PARAMETER

p(770) WIDTH
NEUTRAL ONLY, e* e~

CHARGED ONLY, 7 DECAYS and ¢t ¢~
MIXED CHARGES, OTHER REACTIONS

CHARGED ONLY, HADROPRODUCED
NEUTRAL ONLY, PHOTOPRODUCED

NEUTRAL ONLY, OTHER REACTIONS
r,;(??oj“ - rp(??O'}i

rp(??())*_ p(770)"

775.26 + 0.25 MoV m—
775.11 + 0.34 Mev
763.0 + 1.2 MeV

766.5 + 1.1 MeVv
769.0 + 1.0 MeVv
769.0 + 0.9 MeV (S =1.4)

—0.7 + 0.8 MeV (S=1.5) \

5.3102 Gev!

147.8 + 0.9 MeV (S =2.0)
149.1 + 0.8 MeVv
149.5 + 1.3 MeV
150.2 + 2.4 MeVv
151.7 + 2.6 MeVv
1509 + 1.7 MeV (S = 1.1)

03+13 (s=14)
1.8 +2.1
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Pole hunting

| sheet

Bound states on the real axis 1st sheet
Not-so-bound (virtual) states on the real axis 2nd sheet
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Light spectrum (1-particle correlators)
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Formalism

@ Process is at fixed s;or, and
integrated t. Interested in
resonances in s

@ Recoil proton kinematically
decouples from final state nm

@ Expand amplitude into partial waves

(Sfota Sebisis tl) = Z aELM,pr,’,u(StOta L 5) YLEM(Qa ¢))
LMe

Aty

A. Pilloni — Light and heavy hybrids
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Formalism

@ The differential cross section is

do 1
= dt e 2
ds 2(4%)4\/5 (mNPIab) Z/ p| Z 3L mpru(Stot s £,'S))

E IIG_M Stoty S

LMe

where the intensity distribution is defined
ty -
Tisa(storss) = [ dlpl Y [diam v (tors :5)
i /
oy

@ Model will be compared to intensity distributions given by COMPASS
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Formalism

@ mp — nmp is high-energy
peripheral process —>

pomeron dominated i n
exchange

@ Factorize pomeron-nuclear P =
vertex

@ Pomeron has effective mass p p

=

@ Denote p = |p| the momentum of the nm system, and g = |q| the
momentum of the [P system

A. Pilloni — Light and heavy hybrids
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Amplitudes for n(V

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

a(s) is an effective 2 — 2 process,
where the Pomeron is treated
as a vector quasi-particle with

. . e 2
virtuality togr = —0.1 GeV

T

Im

Scattering amplitude t(s)

n

R

T

n

o
Ngp>

T

P

n

T

Production amplitude a(s)

noo
i

n

N

~ ]

/
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Recap: single channel nm

The denominator D (s) contains all the FSI constrained by unitarity = universal

D(s) = (K~)(s) - / 'OO igi’;f\i(;) s’
K(s) = Z MgR— - OR K '(s)=cy—ci8+ Z MQC?:_ :

)\ (20+1)/2 (3, m2, mf]

e ) Akl = Z%Tn(sjso)

A. Pilloni — Light and heavy hybrids 25
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Recap: single channel nm

The denominator D (s) contains all the FSI constrained by unitarity = universal

D(S) = (K_l)(S) = /'OO p(S’)N(S’)dSI

4 gé\ (.

K =2 3p s O [K16) =a—as+ 3 3p—
R i 7

K-matrix 9 CDD parameterization
more QFT motivated m._, more S-matrix motivated
/T poles on the 1st sheet unlikelyj )7 poles on the 1st sheet impossible
\_ = N
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Recap: single channel nm

The denominator D (s) contains all the FSI constrained by unitarity = universal

A5, ~
D) = (k) - 2 [ BT
/ Numerator functions \

know about crossed channel dynamics
unconstrained, we use a smooth model

\(2+1)/2 (s, m2, mQ) o
IO(S)N(S) =4 7 - 7’2,(8) — Z andsy, s 1 o
\ (s + sgr) - ( + OL
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Intensity

—T'=2Im /5 [GeV]

Recap smgle channel nm

3.0

103
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Coupled channel: the model

A. Rodas, AP et al. 1810.04171

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

Dii(s) = [K‘I(S)_l] - _ /OO ds' - pNi()

s '(s' — s — i€)
(R) (R)
Jdr Y; J 7
Bils -
kz(s) m?{ = _I_ ckz _|_ k1 S

FH1 e 2
ALl (s,m(,),m)

3
m 4 Tr Tk S
)2J-|-1—|-Oz nk (8) = Z an Tn (S _I_ 80)

A/\TJZ S, :(5%
PN (s) k o
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Coupled channel: the model

A. Rodas, AP et al. 1810.04171

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?

. : . : Ji
a = 2 as in the single channel, 3rd order polynomial for n; (s)
A. Pilloni — LTBTIC dria 1neavy 1nyprias 31
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R
Complex plane

0.0

-0.2

Im s, (GeV?)

P-wave | sheet
3.0

D-wave | sheet

— | | 1
! '%.5 1.0 1.5 2.0 2.5

3.5 4.0 195

2.0 25 30 35

Re s, (GeV?) Re s, (GeV?)

For the best fit solution, we look at the closest Riemann sheet in the complex plane
We see a limited amount of poles in the relevant region

We also see some close-to-threshold poles, which are artifacts of the model for N(s)

How to distinguish the two?

A. Pilloni — Light and heavy hybrids
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Complex plane

0.0 L]

! B
L "

—0.2
L —1

-0.4— I, —0
"L B

-0.6—

—0.8_—

P-wave |l sheet i D-wave |l sheet
— 1 1 1 ‘ 1 1 1 1 I 1 1 1 ! I 1 1 1 1 I L 1 1 1 I 1 1 1 1 ‘ 1 1 1 1 I
2.0 2.5 3.0 1 '%.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Re s, (GeV?) Re s, (GeV?)

For the best fit solution, we look at the closest Riemann sheet in the complex plane
We see a limited amount of poles in the relevant region

We also see some close-to-threshold poles, which are artifacts of the model for N(s)

How to distinguish the two?
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Width (GeV)

Result (stat. error only)

0.0 0.00 -
- P-wave poles - D-wave poles
0.1 0.05 |
- 10 B a,(1320)
0.2 — 0.10 - )
- S 0.15
0.3 2 C
- S 0.20 E oaof
0.4 — r, % Tk onab a,'(1700)
E = 0.25 :— 0.114f
0.5 -
- - 0.116F
- 0.30 g
0.6 - = 0.118
- 035 —  %'%73027304 1306 1308 1.310
0.7 — -
_IIII]]]]]Illllllllllllllllllllllllllll 040_ llllIIJIlllllllllltllllllllllllllll
1.2 13 1.4 15 1.6 17 1.8 19 2.0 2 1.3 1.4 15 16 1.7 1.8 1.9
Mass (GeV) Mass (GeV)

The variance of the bootstrapped poles gives the statistical error

Poles  Mass (MeV) Width (MeV)
a(1320) 1306.0 £0.8 114.4 £ 1.6
ay(1700) 1722 £ 15 247 + 17

m 1564 =24 492 + 54

A. Pilloni — Light and heavy hybrids
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Again into the complex plane

P ve n'/t channel
A VT W L ) L oy ) L

1 1 1 1 1 J 1 1 1 1 1 1 1 J 1 1 1 1 I 1 1 1
1.0 1.5 2.0 2.5 15 2.0 25 30 35 4.0
Re s (GeV?) Re s (GeV?)

The strength of the pole propagates differently in the two channels

In nit the strength move to lighter values
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Correlations

Production (numerator) parameters

Denominator parameters
not very correlated with the
numerator ones v’
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Correlations

K-matrix «bkg» parameters

Denominator parameters
uncorrelated between P- and
D-wave v

si9laweled «ajod» xiajew-y

-100

B
=
B
=
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Correlations

Polynomial parameters
uncorrelated between P- and
D-wave v
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Correlations
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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 — Light and heavy hybrids 4.0



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 — Light and heavy hybrids
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Systematic studies

Systematic Poles | Mass (MeV) Deviation (MeV) Width (MeV) Deviation (MeV)
Variation of the function pN (s')
az(1320) 1306.4 0.4 115.0 0.6
sp = 0.8 GeV? ab(1700) 1720 s 272 2%
g 1532 —33 484 —8
2(1320) 1305.6 —0.4 113.2 =12
sr = 1.8GeV? as(1700) 1743 21 254 7
T 1528 —36 410 —82
az(1320) 0.0 0.0
Systematic assigned a5(1700) 21 24
g 36 82
(1320) 1305.9 0.1 114.7 0.3
=il ah(1700) 1685 —37 299 52
M 1506 —58 552 60
2(1320) 0.0 0.0
Systematic assigned a'z{l?'[]()) 37 52
L 58 60
az(1320) 1304.9 —1.1 114.2 —0.2
DT 7 ab(1700) 1670 _52 260 29
M 1511 —53 528 36
a2(1320) 1306.0 0.1 115.0 0.6
Qi,a=15 a5(1700) 1717 =) 272 25
my 1578 14 530 39
a2(1320) 1306.2 0.2 114.7 0.3
Borpied ab(1700) 1723 1 261 15
1 1570 ) 508 16
2(1320) 11 0.0
Systematic assigned a5 (1700) 52 25
Tl 53 0

A. Pilloni — Light and heavy hybrids
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Systematic studies

Variation of the numerator function n(s)

a2(1320)[ 1305.9 —0.1 114.7 0.3

Polynomial expansion as(1700) 1723 1 249 2
T1 1563 —1 479 —13

a2(1320) 0.0 0.0

Systematic assigned a5(1700) 0 0

1 0 0
a2(1320) 1306.8 0.8 114.1 —0.3

tor = —0.5 GeV?2 ab (1700) 1730 8 259 13
int 1546 —18 443 —49

a2(1320) 0.8 0.0

Systematic assigned a5(1700) 0 0

T 0 0

A. Pilloni — Light and heavy hybrids



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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m1(1600) — pw - T

The strength of the Deck effect depends on the momentum transferred ¢,
but the precise estimates rely on the model for the Deck amplitude

xp — a-x-xtp (COMPASS 2008) x~p — a-a-ntp (COMPASS 2008)
%3000 I*1* p(770) r P| & [ I'*I* p(770) & P
> 0 0.100 < 7' <0.113 (GeV/c)’| 230001 0449 < t' < 0.724 (GeV/c)?
> 40001 } Mass-independent fit = - Mass-independent fit
S - } Mass-dependent fit S 2500 Mass-dependent fit
g i resonant g L resonant + +
- -res t - -res
gBOOO— non-resonan %\2000_ non-resonant * H m
= : = - H
2 I L N +
= - = 1500
2000(~ -
i 10001
1000/~ -
i 5001 +
B i J[
I Lol fiby P I O
06 08 1 12 14 1.6 18 2 22 24 06 08 1 12 14 16 18 2 22 24
m, [GeV/c?] m, [GeV/c?]
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Pole hunting

| sheet

More complicated structure when
more thresholds arise:
two sheets for each new threshold

Il sheet: usual resonances
IV sheet: cusps (virtual states)

IV Virtual state I

Bound state ., Tt "/ Resonance

.....

I1 M1
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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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Pentaquark photoproduction

P _ —_
J5 =(@/2)

25 : l : :

20 ¢ 10 band s
o mean vglue
h a‘[a ———
> 15
O]
o]
=)
T 10
5
©

5

10 12 14 16 18 20 22

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

s (MeV) 0 60
A 0.15670:920  0.15770-039
o 115170058 1.15015-95%
o (GeV™2) 0.11275:9%  0.11173537
s¢ (GeV?) 16.8757 16.973:2
bo (GeV~2) 1.0170-57 1.0279:5;
Byp (95% CL) <29% <30%
With smearing
o, =60 MeV, J . =3/2
8 T T T
7
= 6
3 5
]
2 4
5 3
© 2
1
0
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Interaction with nuclear media

10* E\ Deuteron @ALICE
1035— '
10°E i,
o 10g
2 E ¢ X(3872) @CMS
= 1k ’
o !
2 10’
o = Hypertriton @ALlCE
o = (rescaled from Pb- Pb,)\
o 10_2:§ .
10’35
10'4§—
5L ;
10§|||||||||||||‘||| .
0 5 10 15 20
p (GeV)

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

Coal / Stat ratio at RHIC

s 2 S - 2 5
z =2 2z 2 =
102 3 = = 4 = & Lo\e = 5
C J f
g 19 X \@ \ l J |
Z o[ .. & . 1 R L
-—'gz 10 . }l_ G ,FD | ,i
107!} + M
| ]
2t / / /\ ]
10 T/ 1 Normal
g 2 g ¥ £ 2q/3g/6q 4
Z g £ S Z 4q/5q/8q
= e % Mol e
0 1 2 3 4
Mass (GeV)

ExHIC, PRL106, 212001

The interaction of (exotic) resonances with
nuclear media is of primary interest to identify
their nature

Also study the lineshape dependence
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