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Introduction JPAC Collaboration

[collage by Vincent Mathieu]
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Introduction JPAC Collaboration

JPAC effort
Collaboration of theoreticians and experimentalists

Amplitude analysis

A
Writting amplitudes using general QFT constraints
Analysis of experimental data
Analytic continuation, pole search

General properties of the scattering amplitude

Analyticity + Unitary + Crossing symmetry
Scattering amplitude is an analytic function
in s = E2 complex plane,
The Real axis → physical world,
Resonances = poles of the unphysical sheet.
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Introduction Challenges of hadron spectroscopy

Two regimes of scattering
Hadronic duality [V.Mathieu,et al.,PRD92 (2015), 074004]

M. Mikhasenko (CERN) Light mesons from JPAC+COMPASS analyses 27.02.2019 5 / 23



Introduction Challenges of hadron spectroscopy

Two regimes of scattering
Hadronic duality [V.Mathieu,et al.,PRD92 (2015), 074004]

π

p

π

p

N∗,∆

π

p

π

p
P, ρ, f

High-energy range
exchange region

Low-energy range
resonance region

M. Mikhasenko (CERN) Light mesons from JPAC+COMPASS analyses 27.02.2019 5 / 23



Introduction Challenges of hadron spectroscopy

Hadronic excitations
Results of lattice QCD [Dudek et al., PRD 88, 094505 (2013)]
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η(′)π analyses

η(′)π analyses

M. Mikhasenko (CERN) Light mesons from JPAC+COMPASS analyses 27.02.2019 6 / 23



η(′)π analyses COMPASS data

ηπ vs η′π at COMPASS [(COMPASS) PLB 740 (2015) 303]
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η(′)π analyses COMPASS data

η(′)π partial wave analysis [(COMPASS) PLB 740 (2015) 303]

Two-main contribution: P- and D-waves
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η(′)π analyses COMPASS data

PDG status: exotic π1 states
Two candidates
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η(′)π analyses Method to extract resonance properties

Amplitude for ηπ production [A.Jackura,MM,A.Pilloni,et al. (JPAC-COMPASS),

PLB779, 464-472]

N-over-D method

Scattering amplitude: ηπ → ηπ, D-wave

T =
N(s)
D(s)

Production amplitude: πP → ηπ, D-wave

a =
n(s)
D(s)

D(s) is universal, has only the right-hand cut.
N(s) and n(s) have the left-hand cut only (exchanges)
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η(′)π analyses Method to extract resonance properties

Tensor mesons (JPC = 2++)
Advanced ηπ analysis [A.Jackura,MM,A.Pilloni,et al. (JPAC-COMPASS), PLB779, 464-472]

Single channel: ηπ D-wave

Elastic unitarity
Two CDD-poles

m(a′
2) = (1720 ± 10 ± 60) MeV

Γ(a′
2) = (280 ± 10 ± 70) MeV

m(a2) = (1307 ± 1 ± 6) MeV
Γ(a2) = (112 ± 1 ± 8) MeV
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η(′)π analyses Coupled-channel analysis

Coupled-channel amplitude [A.Rodas,A.Pilloni,MM,et al. (JPAC), PRL122 (2019)]

Scattering amplitude: η(′)π → η(′)π, P/D-waves

T =
N(s)
D(s)

2 K -matrix pole for D-wave
1 K -matrix pole for P-wave

ρNJ
ki(s ′) = δki

(pη(′)π

√
s/2)2J+1

(s ′ + sL)
2J+1+α

,

DJ
ki(s) =

[
K J(s)−1]

ki −
s
π

∫ ∞

sk

ds ′ ρNJ
ki(s ′)

s ′(s ′ − s − iε) .

Production amplitude: πP → η(′)π, P/D-waves

a =
n(s)
D(s)

left poles to model unknown
production function n(s)

aJ
i (s) = qJ−1pJ

i
∑

k
nJ

k(s)
[
DJ(s)−1]

ki

D(s) has only the right-hand cut.
N(s) and n(s) have the left-hand cut only (exchanges)
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η(′)π analyses Coupled-channel analysis

Fit to the data [A.Rodas,A.Pilloni,MM,et al. (JPAC), PRL122 (2019)]

χ2/ndf = 162/122, the band - 2σ bootstrap error
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P-wave difference
production
mechanism
+ kinematics.
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η(′)π analyses Coupled-channel analysis

Results: pole positions [A.Rodas,A.Pilloni,MM,et al. (JPAC), PRL122 (2019)]
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m(a′
2) = (1722 ± 15 ± 67) MeV

Γ(a′
2) = (247 ± 17 ± 63) MeV

m(a2) = (1306 ± 0.8 ± 1.3) MeV
Γ(a2) = (114.4 ± 1.6 ± 0.0) MeV

m(π1) = (1567 ± 24 ± 86) MeV
Γ(π1) = (492 ± 54 ± 102) MeV

Change parametrization of the denominator ρNJ
ki(s ′) = δki

(p
η(′)π

√
s/2)2J+1

(s′+sL)
2J+1+α ,

I sR = 1 GeV→ 0.8, 1.8 GeV.
I α = 2 → 1GeV.
I Different function, ρNJ

ki(s′) = δki QJ(zs′) s′−αλ−1/2(s′,m2
η(′) ,m2

π)

Change of parameters in the numerator n(s)
I Effective transferred momentum teff = −0.1 GeV2 → −0.5 GeV2.
I Order of the polynomial 3rd-order→ 4th-order.
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η(′)π analyses Coupled-channel analysis

Same π1 as in 3π? [See a talk of B.Ketzer, afternoon]
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⇒ pole position
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Three-pions physics

Three-pions physics
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Three-pions physics

Diffractive production of 3π off proton target
Forward-background scattering [COMPASS data, MM, PhD thesis]
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The high-energy exchange processes penetrate to the low energy and make
resonance characterization difficult
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Three-pions physics COMPASS PWA

Three-pion resonances [see talk by D.Ryabchikov, afternoon]

COMPASS PWA [PRD95 (2017) 032004]

Partial Wave Analysis−−−−−−−−−−−−−−→
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COMPASS Fit:
Signal by BW amplitude ∼ 50%
Background ∼ 50%

m(BW)
a1 = (1299+12

−28)MeV,
Γ
(BW)
a1 = (380 ± 80)MeV.

Large uncertainty due to unknonwn background.
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Three-pions physics Deck mechanism

Model for the forward scattering [MM, A.Jackura (JPAC) in preparation]

Deck effect

p, pt p′, pr

π−b , pb π−3 , p3

π+2 , p2

π−1 , p1

t

π+e , pe

σ1

sπ1p

s0

t1 = (Tπ1p)λλ′
1

m2
π − t1

Tπ2π3 (1)

Two diagrams (π− symmetrization)

Bλλ′ = B(1)
λλ′ + B(3)

λλ′

High energy pπ scattering
ππ scattering dominated by resonances in lower partial waves

I Relative strength of S, P , D-waves is controlled by unitarity

B(1) = sπpF(t)
FF(t1)

m2
π − t1

[ 2
3

t(σ1,f0)(σ1) + 3 t(ρ)(σ1, t1)P1(cos θππ) +
10
3

t(f2)(σ1, t1)P2(cos θππ)

]
.
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Three-pions physics Deck mechanism

Comparison with the COMPASS data [MM PhD thesis]
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1
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,
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e−iπα(t1)/2
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Three-pions physics Data for the 1++ sector

a1(1260) state – isospin parter of ρ

τ− → π−π+π− ν

τ−

W−

ν

π−
π+

π−

V-A V-A: Vector (1−−) or Axial (1++)
Isospin 1 due to the charge
Negative G-parity ⇒ positive C-parity

⇒ JPC = 1++
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Three-pions physics Analysis of τ -data

Fit to ALEPH data [data from ALEPH, Phys.Rept.421 (2005)]
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Difference: LH singularities
The dispersive model fits
significantly better

Fit function
χ

2(c, m, g) =

(~D − ~M(c, m, g))T C−1
stat(

~D − ~M(c,m, g)),

Stat. cov. matrix is used in the fit
Syst. cov. matrix – in the
bootstrap
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Three-pions physics Analysis of τ -data

First measurement of the a1(1260) pole position
The result and systematic studies [MM (JPAC), PRD98 (2018), 096021]
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Summary
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Summary

Meson spectroscopy
Using hadronic scattering as QCD excitation laboratory.
Mapping gluonic degrees of freedom to structures of excited states is an
essential test of QCD.
Non-perturmative methods are required

Resent impact of JPAC to light meson spectroscopy
Extensive analyses and extraction of resonance poles:

Tensor states: a2(1320) and a2(1700)
Establishing single exotic π1(1600)
Ground axial state a1(1260)

JPAC effort
> 50 research papers in PRD, PLB, PRL, EJPC (> 10 in 2018)
> 100 invited talks and seminars
Collaboration with GlueX, CLAS12, COMPASS, MAMI, BaBar, LHCb,…
Summer Schools on Reaction Theory (2015, 2017)
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Summary

Thank you
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Three-particles PW technique
COMPASS@PWA

{Events}Nbin

Model: a sum of 88∗ partial waves
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Likelihood Fit: a product of probability per event
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Tour to the complex plane [MM (JPAC), PRD98 (2018), 096021]
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Tour to the complex plane [MM (JPAC), PRD98 (2018), 096021]
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Tour to the complex plane [MM (JPAC), PRD98 (2018), 096021]
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Tour to the complex plane [MM (JPAC), PRD98 (2018), 096021]
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The spurious pole in the Breit-Wigner model
Energy dependent width, stable particles

t(s) =
1

m2 − s − imΓ(s)
, Γ(s) = Γ0

p(s)
p(m2)

m
√

s
, p(s) =

√
(s − (m1 + m2)2)(s − (m1 − m2)2)

2
√

s
.

Example: m1 = 140 MeV, m2 = 770 MeV, m = 1.26 GeV, Γ0 = 0.5 GeV
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Bootstrap: stability of the poles
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Summary

Subchannel dynamics
Khuri-Treiman equations
Consistency equations for the isobar lineshape

Governed by two-body unitarity
Model: only RHC for the isobar amplitude
Uses Analyticity / Cauchy theorem / Omnès trick

0.25 0.50 0.75 1.00
M GeV

-2

2

4

6
meson lineshape in decay

20 MeV

Original
Rescattered

Courtesy of Tobias Isken
[Niecknig, Kubis, JHEP 1510 (2015) 142]

KT analysis of ω → 3π
ρ → ρ rescattering
Solved by iteration
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