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LIGHT MESONS: m < 3 GeV/c

Constituent-Quark Model

o |qq') system with ¢ = u,d, s
P(C)

e Quantum numbers J Constituent- H
Quark Model
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LIGHT MESONS: m < 3 GeV/c
Constituent-Quark Model QCD Meson -

o |qq') system with ¢ = u,d, s

e Quantum numbers Jre on _

[S
In unflavoured sector: Spin-exotics

+
e Not possible in Constituent-Quark Model: Multiquarks “ ”
JPC=0"", (odd)™ ™", (even) ™™~
e Access to exotic states that do not overlap with +

ordinary mesons Glueballs o

Hybrids +
e Excited gluonic field contributes to Jre ybrids
e Predictions from theory: lightest hybrids have + ...

JPC — (07172)—('4‘)7 1—(—)
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COMPASS

e COmmon Muon Proton Apparatus for Structure and Spectroscopy
e Located at the M2 beam line in the north area of CERN
e Part of the Hadron program: Light-Meson Spectroscopy

Setup for Hadron beams Diffractive resonance production

ECAL2
HCAL2

N

SM2

Drarget Precoil

Muon Filter e Beam hadrons at 190 GeV/c
LA — mainly Pomeron exchange

) o Diff. cross section:
Muon Filter 1

dorip— X +p
dmxdt'dp(mx,7,)

Si Telescope RICH1
m

X mx ’Mfi(mXatlyTn)‘z
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PARTIAL-WAVE ANALYSIS FOR DIFFRACTIVE PRODUCTION

Analysis in two steps:

1. Partial-Wave Decomposition (PWD): Amplitudes of contributing waves are determined
2. Resonance-Model Fit (RMF): Extraction of resonance parameters (mg, I'y) and couplings

Nwaves
Mfi (mx7tl77—n) :P(mXa Z cha Dk mX) \Ila (vaTn)
a keS,
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PARTIAL-WAVE ANALYSIS FOR DIFFRACTIVE PRODUCTION

Analysis in two steps:
1. Partial-Wave Decomposition (PWD): Amplitudes of contributing waves are determined

2. Resonance-Model Fit (RMF): Extraction of resonance parameters (mg, I'g) and couplings

Noyaves

Myi (mx, ', m) =P (mx,t') 3| D Cua () Di (mx)
k€S,

a

Partial-Wave Decomposition

7 := {kin. var.}

Dat d into bins of ot “ K .p
° aaarraj)\?ge into |n20 (mx, t) (r ", K~ ,D)

waves

T

e Decay Amplitudes ¥, are calculated from
data using isobar model

I(r) =

ptarget Precoil

. . PC € s
e Production amplitudes 7, are determined in Pa.rtlal wave: J M 5152[’8‘.& — decay
(Diffractive resonance production and

extended Likelihood fit )
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PARTIAL-WAVE ANALYSIS FOR DIFFRACTIVE PRODUCTION

Analysis in two steps:

1. Partial-Wave Decomposition (PWD): Amplitudes of contributing waves are determined

2. Resonance-Model Fit (RMF): Extraction of resonance parameters (mg, I'g) and couplings

Ta(mx,t') o< P (mx,t') Z Cra (') Di (mx)

Resonance-Model Fit

e Measured amplitudes are modelled by sum of
resonant and non-resonant components (S)

e Dynamics of resonant components:

_ moly
Dres.(TnX) - 32 2
my —mqg—imgl(mx)

e Dynamics of non-resonant component per
partial wave :

D;L\—res. (mX) = (mX - mThr)ai exp I:_bszz (mX)]

e Perform X2 fit
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PARTIAL-WAVE ANALYSIS FOR DIFFRACTIVE PRODUCTION

Analysis in two steps:

1. Partial-Wave Decomposition (PWD): Amplitudes of contributing waves are determined

2. Resonance-Model Fit (RMF): Extraction of resonance parameters (mg, I'g) and couplings

Talmx,t') < P (mx,t') Z Cra (') Di (mx) SDM: puy(mx,t') = To(mx, )T (mx, 1)

0.10 < #' [(GeV/c)] < 0.17

a

Resonance-Model Fit

15000}

e Measured amplitudes are modelled by sum of 10000

resonant and non-resonant components (S)

2
2

e Dynamics of resonant components:
Dres.(TnX) = ;nO,FO
my —mqg—imgl(mx)
e Dynamics of non-resonant component per
partial wave i:

Intensity [(40 MeV/c2)']

i a; ~2 L
Dhres (mx) = (mx — my,) ™ exp [—bg; (mx)] Qurass ety
esonances

e Perform X2 fit Non-resonant components
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PARTIAL-WAVE ANALYSIS FOR DIFFRACTIVE PRODUCTION

Analysis in two steps:

1. Partial-Wave Decomposition (PWD): Amplitudes of contributing waves are determined

2. Resonance-Model Fit (RMF): Extraction of resonance parameters (mg, I'g) and couplings

Ta(mx,t') o< P (mx,t') Z Cra (') Di (mx)

a

Resonance-Model Fit

e Measured amplitudes are modelled by sum of
resonant and non-resonant components (S)

e Dynamics of resonant components:

_ moly
Dres.(TnX) - 32 2
my —mqg—imgl(mx)

e Dynamics of non-resonant component per
partial wave :

D;L\—res. (mX) = (mX - mThr)ai exp I:_bszz (mX)]

e Perform X2 fit
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SDM: pop(mx,t') = To(mx, t')Ty (mx,t')
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LATEST ANALYSES

] t
[ =

o e m
0.208 <1 [(GeV/c)] < 0.366 H th
RMF model rve
Re £
No n *

mik [GeV/e?]

a; — KSK~ - 430 k events
e Reaction: 7 4+p— K K(x 7 ) +p

e 6 resonances in 4 waves simultaneously

(GeV/c?)!

Intensity [10

e No isobars

e Ambiguities are challenging
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LATEST ANALYSES
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e Reaction: 7~ 4+p—7 7 7w n+p n— 7y ;§$$$¢&kfﬁﬁ¢, zz&% N
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e Main isobars:
f1(1285), p(770), ag(980), 7,
ay(1320)
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e Main isobars:

b1 (1235), p(770), p3(1690)
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JPC — 9+ sEcTOR

KK~
e Dominant ay(1320)

e a,5(1320) & a5(1700) consistent with

previous measurements

e Higher a, above 2.0 GeV/c?

KK~
—+2.23
ay(1320) M0 1316630207555
2 r 1 +2.6
o 109.54+0473
F13
1748 £ 4
ay(1700) "0 ol
T, 534 +975%
+37
me 2124 4+ 575
#2(2050) r 527 + 13152
0 —250
(in MeV/c2)
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=9 SECTOR
Y
e 3 decay channels: 'm, f;(1285),

e a5(1320) & ay(1700) consistent with
previous measurements

e Higher a, above 2.0 GeV/c”

KgK_ 7r_7r_7r+77
ay(1320) Mo 131663 0.20722% 13150 £ 1.1723,
Iy 1095+04%35  108.2+2571%'
) mg 1748 £ 4743 1752 £ 10740
a5 (1700) 126 +11
T, 534 £ 9725, 485 £ 27151
I 2124 5757 2054 + 6705
@2(2030) T 527 + 13152 351 + 15187
0 —250 -0

(in MeV/c2)
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THE 7,(1600) IN THE J'¢ = 17" SEcTOR

First Lattice QCD calculations

e Decay of hybrid meson with JP¢ =17+

via several channels
e At SU(3) symmetry point:

- mu,d,s =Mmg

— m, &~ 700 MeV/c”

exp.

— 3m, pushed to high energy

e Result: bym most dominant

I /MeV
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1500
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.054502

THE 7,(1600) IN THE J'¢ = 17" SEcTOR

First Lattice QCD calculations

e Decay of hybrid meson with JP¢ =17+
via several channels
e At SU(3) symmetry point:
- mu,d,s = mzxp.
— m, ~ 700 MeV/c
— 3m, pushed to high energy
e Result: b;m most dominant
T /MeV le—‘l
“"%:/%bm
0 £,(1285)n
30 [)7[-
20 '7[
o t;(1420)x
(%

1500 1550 1650
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mi/MeVNHTT
[PRD 103, (2021) 054502]
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Spin-exotic J*°=17" waves at COMPASS
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JPC — 17F SECTOR
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JPC — 17F SECTOR

0.17 < #' [(GeV/c)Y] < 0.30
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JPC¢ = 1% SECTOR
W7777+U
e 3 decay channels:
f1(1285)7, p(770)agy, n'T
o f1(1285)7 and 7w are dominant
e p(770)ay is significant

71(1600)
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COMPASS RESULTS: OVERVIEW

s ay 1 a9 9 as ay T4 ag
COMPASS ,
2500 1 =
C\E ® ° T U
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s Aaee Lomrt o w(782)7 7
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COMPASS RESULTS: OVERVIEW

s ay 1 a9 9 as ay T4 ag
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LIGHT STRANGE-MESONS: m < 3 GeV/c?

COMPASS: Data COMPASS: Resonance-Model Fit
e K +p— K rntn™ +p at e Agreement with at least five established states
190 GeV/c e Agreement with at least three not established states
e 720k events
e Four '-bins in range PDG: Light Strange Sector

0.1 <t <1.0(GeV/c)®
e Limited by PID in spectrometer

e 25 states listed, nine need further confirmation
0~ 0 1= 1t 2° 2t 3 3t 4° 4+ 5

0 150 300 . A . A A
200 Preliminary -_— 25 ] | Te
Ad S e S
- i) ﬂf
150 £ 207 == —— — —
= 8] T p A
~ _ 4 ~——
% = - -
T 100 [CRNE s ey ° oY
L 2 —
£ E ‘ + COMPASS
50 “1.01 ®  Established
® [ Not Established
—— Quark Model
0 - T T T 0.5 4—e— [Ebert et al, PRD 79 (2009) 114029]
0 50 100 150 200
o . . r . r r r r r r r
P [GeV/d] K K K K K, K; K{ K, K, K| Kt
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LIGHT STRANGE-MESONS: m < 3 GeV/c?

COMPASS: Data Exotic state in 0~ sector?
e K +p—> K n'n +pat e Constituent-Quark Model predicts two excited states
190 GeV/c e Three exited signals are observed
e 720k events
e Four '-bins in range PDG: Light Strange Sector

0.1 <t <1.0(GeV/c)®
e Limited by PID in spectrometer

e 25 states listed, nine need further confirmation

= + - + - + - + - + -
0 150 300 U 0 L L 2 2 3, 3, 4 4 5,
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Ad— T e
-+ i) = L
150 209 i =
< 2 — e v ——
% > - .
T 100 T 154X - ° . Y
L 2 —
£ E + COMPASS
50 ~“ 1.0 ®  Established
® Not Established
—— Quark Model
0 T T T 0.5 ® Ebert et al, PRD 79 (2009) 114029]
0 50 100 150 200
— "V /¢l T T T T T T T T T T T
P [GeV/d] K | K K K K, K5 K, Ky K, K K:
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EXOTIC STATE IN 0~ SECTOR?

- -+
Krnnr 0-0+p(T70)K P 1+0*p(T70) K S 241+ p(T70) KD
— T a of 180 F
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© 100 [ 90
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X(m—y(‘s(mam (‘U‘!lp“ll(‘]\f < 9|
: +13 bMround 5 A
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DOUBLE REGGE PROCESSES IN 7)'m

Events/((0.03 GeV/c?) x 0.01)
0 5 10 50 100 200 400

COMPASS _COMPASS /r—___

2 3 4 5 6

3 4 5 -6 ’ 1 -
T “’W [GeV/e?)

a X [JPC M

Precoil

Prarget
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DOUBLE REGGE PROCESSES IN 7)'m

Events/((0.03 GeV/c?) x 0.01)
10 50

0 5 100 200 400

___ COMPASS yr —

COMPASS n'm—

2 3 4

My [GeV/c2] My [GeV 2
— —r1 7PC 4 se = {ki
T X [J M ] 0) m ; 7 := {kin. var.}
n 7 0" [m
_ R 3,]0)7,
T — ﬂ.*/”(/)
R Sn® fp
Prarget Precoil

t

Precoil L
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REGGE THEORY

Chevy—Fraufcschi Plot

e s-channel resonances with same 6 ag(2450) 7 ]
isospin, intrinsic spin and parity -
fall on a straight line in the plane: @4(2255)
t=M>vsalt)=J 4/ ay(1970) **

~
e The resummation is called a Il (1700)
. / _ asg(L(
Regge trajectory: a(t) = ag+ a't % 2t a(1320) * *
e Scattering amplitude according to
Shimada [T, Shimada et al., Nucl.Phys.B142, 344 (1978)-| :
Ag g, (T) = 0
F (tn)FQ (tp) T(Och (tn)a OR, (tp)§ 37rp)
Form factors Shimada model -9 . . . .
=2 0 2 4 6
t=m? [GeV?/c!]
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https://doi.org/10.1016/0550-3213(78)90209-2

REGGE THEORY

Chew—Frau’;schi Rlot

— ay f6(2510)
e s-channel resonances with same S a5(2450) 7
isospin, intrinsic spin and parity — P
fall on a straight line in the plane: | ____ o f4(2050)
2 47 2 a,(1970) 25
t=M"vsa(t)=J A .
'\
e The resummation is called a Il
Regge trajectory: a(t) = ay +a't %
e Scattering amplitude according to
Shimada [T, Shimada et al., Nucl.Phys.B142, 344 (1978)-| :
AR1R2 (1) =
F (tn)FQ (tp) T(Och (tn)a OR, (tp)§ 37rp)
Form factors Shimada model -9 . . . .
=2 0 2 4 6
t=m? [GeV?/c?]
David Spiilbeck Light-Meson Spectroscopy at COMPASS 14/17



https://doi.org/10.1016/0550-3213(78)90209-2

Fit
e Intensity per event k:
I,(C by 1) = ‘Z ¢ Ai(b; Tk
e ¢, are strength

e b, are slope parameters of Form
factors (t dependence)

e Perform unbinned ext. negative
log-likelihood fit

e < 20 parameters needed to fit 23,727
(nm™) and 21,421 (n'7) events

e First event based fit of double-Regge
amplitude

FITTING THE DOUBLE-REGGE AMPLITUDES
e Compare kinematic distribution:

Data (black) vs. weighted MC (red)
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FITTING THE DOUBLE-REGGE AMPLITUDES

Fit

David Spiilbeck

Intensity per event k:
- - 2
h(@bﬂ%)Z’E:QAﬂbH%A
e ¢, are strength
e b, are slope parameters of Form
factors (t dependence)
Perform unbinned ext. negative
log-likelihood fit
< 20 parameters needed to fit 23,727
(nm~) and 21,421 (n'7) events
First event based fit of double-Regge
amplitude

Compare kinematic distribution:
Data (black) vs. weighted MC (red)

Weighted events/ (0.03 GeV?/c?)

Light-Meson Spectroscopy at COMPASS

x10°

nm

|+ COMPASS

- ¢ Fitted Intensity
| = bottom IP

- 4 bottom f,

=
ol

T

0.5

P B!
-0.6
t, [Gevic?]

N
-0.4
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FITTING THE DOUBLE-REGGE AMPLITUDES: RESULTS

nm nm
L + COMPASS "
- ¢ Fitted Intensity

200 + topa, ¢ top 71y
r % topa, ®toplP
-4 top f,

[ +COMPASS
| ¢ Fitted Intensity

rftopa, +topmm
% top a, = topIP
top f,

o]
(=]
o

600,

:
-

200

Weighted events/ (0.05 GeV?/c?)
Weighted events/ (0.05 GeV?/c?)

ooo""’.” i
4+
b i‘ll‘l Lt 0

bt} ‘ AN
-15 - 0.5 -15

0

- T 05
t, [Gev?c? t, [GevZcy
e Significant contribution of exotic m; trajectory: 9.90 (n7~) 5.5¢ (n'7")
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SUMMARY& OUTLOOK

Light-meson spectroscopy

2500

Z 2000

=
=

=
P
z
=

1500

1000

e Results from diffractive production with
m~ /K~ -beam at 190 GeV/c

e Consistent picture of m; and a; spectrum
from six different final states

ay kol [ T az ay Ty ag

COMPASS

David Spiilbeck

7 states not established (PDG) O
5 Q@O0O O
tet | O I oo
[ Sys. uncertainty  Preliminary
A Published: KK~
s mornt o w(782)r 7
nx Tty
0 1\{ 1 + 2\\ 2 + 3\\ _1\\ _1\ G\\

e 7,(1600) in seven decay channels

e Observation of crypto-exotic K(1630)

Light-Meson Spectroscopy at COMPASS

Double-Regge Analysis

e First event based fit
e Observation of exotic trajectory m;

Outlook

e Transition to unitary resonance-model
including t'-dependence .

o .. fornr (ongoing)
e .. for multi-body systems

e Use constraints from double-Regge
analysis in res. region (77(')7?)

e Measuring the strange sector with

1000

Apparatus for Meson and Baryon
Experimental Research

17/17



https://amber.web.cern.ch/

Back up
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More results
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JPC — 9=F SECTOR

wr ™ m°
e 2 decay channels:
b1(1235)w& p(770)w

e 75(1670) & ay(1880) consistent with
previous measurements

e Higher my above 2.0 GeV/c?

Intensity [10%(GeV/c?)™!]

270" b7 D1;6:5

270" p(770)wP1

at1tp(770)wD2

40 4

y
1.5 2.0 25 3.0
150

100

50

2507 p(770)wP1

WTT
+18
1698 + 5
75(1670) 0 o
r, 296+11732
1876 £ 413
75 (1880) O S
I, 166+875,
2142 £ 12127
75(2100) 0 T
I, 304+217%

David Spiilbeck

(in MeV/cQ)

COMPASS

0

0.10 < ¢'[(GeV/c)?] <0.17

RMF model curve
Resonancé components
Non-resonant component

Light-Meson Spectroscopy at COMPASS

() ** ++ (o)} 150 E
Foo S
» * =
: F —90
* ~ #“ F —180
1 . )L
71(‘0/2 + ‘”#: ”(3‘ 180
F 90
o
+ \ + i —90
ww [ _1s0
l' 2'(] 2' 5'(] - 3 9((‘:/)
a 40 4
2
% 20 4 +++

u T
1.5 20 25 30 3

Murr [GeV /2
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JPC — 9=F SECTOR

Y 0.10 < 7' [(GeV/e)] < 0.17
e 3 decay channels: m’q "
fl (1285)7T, a2(1320)n, p(770)a0(980) 4000) ! o ? 0
o T5(1670) & m5(1880) consistent with o | i B

previous measurements
e Higher T, above 2.0 GeV/c?

10000

5000

<
%
= e
- - 4 Sr > E
WTT ™ T Tn = L5 25 <
<
mo 1698 +£573% 1699+ 6130 g 2ol
7o (1670) T o z
T, 206+1173%  223+117} g toof
+4 3.2 -
y(1gs0) M0 18T0E4TL 1880.0:43.4707,
I, 166485, 146 £ 7158 COMPASS preliminary
+15 +16 Resonances
75(2100) mo 2142+ 125, 2088 +8_g3 Non-resonant components
Ty 304+2175;  464+20735
(in MeV/c?) Mg [GeV/?]
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JPC — 3+ sEcTOR

3totbF1; 0,8 3*t0tpyms3 270% p(770)wP1
= (a) (b)) (o) 180 @
&~ 0.5 %) ot + b, 2 ﬁ 1 =
X Py To o
2 ! =
_ 0 ;U/ 10 4 J # Fo
wr T =y | W"% + it
;E + + F —180
e 3 decay channels: Z ] ﬁMA } it
E 15 20 25 30 A 3(‘3/) ()} 150
b1(1235)w& p(770)w, pam B o
e No as established in PDG %] { W Lo
5 W\HH F 90
F 180
W s 1.5 2.0 2.5 3.0 e l(&
+40 COMPASS 150 7 7
mgo 2080 £10° 49 0.10 < #[(GeV /e)?] </0.17 &
+100 ) deVoame 3 100 4
FO 560 & 20—100 g(\'sl‘glgxll(c(clcio(x‘#p‘gncnts é " 3
Non-resonant cofnponen = 50
(in MeV/cZ) n-resonant component i 50
0 Fr?

T T u
15 20 25 30 35

Myrr [GeV /2
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JPC — 3+ sEcTOR

0.10 < ' [(GeV/c)*] < 0.17

30(185)TF L f a2 0%anS2 30" aP2 370°p(770)a,F1
i
1509 * i y } 100
— — + 1000] * * o
T 77 300 {1 f -100
[ERYY) K
e 3 decay channels: - TS
('(I-\ 10000/ 100
f1(1285)7, a9(1320)n, p(770)ag(980) < Ny M .
R . (5 5000 _
e No a3 established in PDG s ! '
=
% TS _‘g‘_
- — 4+ 2 1000F } } , w0 <]
W - T T 22 § o M o
me  2080+£10T50 2161+6775, g ;
I, 5604207100 478 +15753 T e
i 2 COMPASS preliminar 1500
(|n MeV/c ) RMF model%urve Y 1000
Resonances
Non-resonant components 00
0

My [GEV/C?]
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JPC — 4+* SECcTOR

1+
x10% 471
0.100 < ¢ [(GeV/c)?] < 0.208
) 7.5 - COMPASS
KK — -
S n | RMF model curve
. ) . — Resonance components|
L] CL4(1970) consistent with previous N{_} Nonsresonant component]
~
measurements %
e Second a, measured <)
>
=
A
0. =
KoK >
+3.0 S
my 19522+ 1.87577
Ty 327 +475
(in MeV/c2)

1.0 2.0 3.0 4.0

2
mggK [GGV/C ]
David Spiilbeck
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JPC — 4+* SECcTOR

41T 7 F 10,8 4117 p(T70)wD2 270" p(770)wP1
HT 40 (a) } {b) +ﬁ +(“ Liso &
- =
X ! ﬂ L ﬂ» 0 9
-0 > § * <
wmw T & } Lo
ﬂé * + F —90
e 2 decay channels: = +M‘+
& ¥ F 180
b1(1235)7& p(770)w s W%
. . . = w4 B T
e a,(1970) consistent with previous 3 i o
2 104 L
measurements g !
::* 281 4 \ % +» —90
N oA H b
0. — 1.5
KgK wTT COMPASS )
T30 15 0.17 < '[(GeV /¢)?] <0.29
mg 1952.2 + 1.8,3:5 1973 + 378 RMF model curve
+6 +10 RGS(!HHUCQ (T(!IHI)OHPHT@
FO 327 + 476 311 + 8746 Non-resonant component’
(in MeV/cQ)

1.5 2.0 2.5 3.0 3.5
Mans [GeV /2]

David Spiilbeck
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PC =
J 7 =47" SECTOR
0.17 < #' [(GeV/c)] < 0.30
170%,(1285) 7P 1/ —agw 471 (1285)aF L f a7 2704, nS2
—p ot 10000
T o + 1100
e 1 decay channels: so00f 0
f1(1285)7 £
. . . L o ;
e a4(1970) consistent with previous > R
100 —
1000 o0
measurements é ]
= L =S
Z\ 500 100 <
0 - - - ¥ g 0
KgK W T oy 2
me  1952.2+1.8759% 1973 +371° 2036 8747
T, 327 £478 31148750 38620159 COMPASS preliminary oo
5 RMF model curve
(in MeV/c™) Resonances
N()n—resonant C()mp()ncnts 0
1.5 2 25
My [GEV/C?]
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Details on mmmn PWA
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[SOBAR MODEL FOR 7 7w/ 7w 1

Isobar model (chain of two-body decays):

1 T 1
b

2 ) 2

3 3

4 4

Prarget Precoil | Prarget Drecoil Example:
X = (nmn)m,  (wmn) — (7)w,  (7n) = 71
COMPASS preliminary
10° COMPASS %103 COMPASS 1.242<m,,,, [GeV/c2|<1.322
l (\é ' O Total N
i % 1’7~ Events (\; 1.2
= E 10 £1(1285) 3
g 20 = vt =
= 3 5 NF
k= E=) ¥ s&
o = 3 ]
g 10 g s 0.8
0.6
G T T T 0 U U i U T T T T
1.5 2 2.5 3 1 1.5 2 25 3 06 08 1 1.2
My [GeV/c?] Mgty [GeV/c?] Maey? [GeV?/c4]
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[SOBAR MODEL FOR 7 7w/ 7w 1

Isobar model (chain of two-body decays):

a) ™ 1 b) ™ 1
2 2
3 3
4 4
Prarget Precoil | Prarget Precoil
X = (rm)(mn), (7m) —> 7w, (wn) =70
10° COMPASS x10° COMPASS COMPASS preliminary  x10°
3 p(770)— Orotal '\é 301 a,(980) OTotal {é 2 P(770)
> o > N >
S Y 77’7~ Events & Ny n'z Events o
= = <)
2 2 20 g
[ g s
.8 g
= £(1270) = a,(1320)
g 107 = 10 !
0 = T T
0.5 1 1.5 2 1 1.5 2 i 1.5 2
M+ [GeV/c?] mat, [GeV/c?] Mg+ [GeV/c?]
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WAVE-SET SELECTION

Strategy for wave-set selection per bin

(EXAMPLE: 7 7' 7 7))

° Truncat|on of partial- wave expansion needed

Zm

e 15 isobars and 18 decay channels

e Generate a wave pool with

e 15 isobars and 18 decay channels

e JL<T, M<2 e=+

e Perform wave-set selection (WSS) fit:

g 1074
log (EWSS ) = log ext Z log 1 + F E

Wave selection by Cauchy regularization:

Intensity

— —_
2 3
wl 'l

0.10 < #'[(GeV/c)] <0.17
2.28 < my [GeV/c*] < 2.32

—_
o

11

Cauchy regularization term

e Extract wave set and perform main fit

David Spiilbeck

Light-Meson Spectroscopy at COMPASS
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PRODUCTION AMPLITUDE

e Phenomenological Regge amplitude for Pomeron flux factor:

’
—bpt
e P

mx ! "
——, where xp & — and Oé]p(t) =qg—at
2ap(t')—1 S
Tp

Iy, (x]p,t/) o

’
is absorbed in coupling parameters of resonance-model:

i s 2ap(t')~1
e (o, )] = () .

L —bpt
e Normalization and e” *

mx

1 10° 10°
S N —— 1'=0.1370 (GeV/e = 150 my = 2.0 GeV/c?
= 5 —— 1'=0.2368 (GeV/c)} 5
& 08 = 2 t'=0.3655 (GeV/c)’ z
= —— 1'=0.7158 (GeV/c)}
~ 1004

0.6

0.4 50

T T T 0 T T 7 T
1.5 2 2.5 3 1 1.5 2 2.5 3 02 04 06 08 1

my [GeV/e?) my [GeV/c?] t' [(GeV/c)]

Spectroscopy at COMPASS
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CONSISTENCY CHECK OF t-DEPENDENCE

270'1,(1285)mD1;f, - ag1T
COMPASS preliminary

. . . . % 10" ,(1670)
Expectation for diffractive resonance production £ 10°] b= (76% 0.9) (Gev/g>
, M , - N — Model = Signa
o0 (t ) x ()" -exp (—b -t ) ol
. R2 10°4 T~
e Impact parameter picture: b = - 1074
104

_ T
™ - 1 T T T T
~_ ‘X—< ' 02 04 06 08 2]1
’ Ty t' [(GeV/c)
Rp { PJ/ t 7= vy 270°%,(1285)7D L, - 8y

2 ] COMPASS preliminary
Ptarget /\precoil % 10° — Non-resonant

£ 10°3

e For interaction ranges on the scale of the nucleon ﬁ;—
. 9 E —

size: b~8(GeV/c) 16°]

. , ) _ 107

— Fit integrated model for o (7‘) to integrated signal 10
components from RMF Y0z 04 o8 o8 1
t' [(GeVic)]
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CONSISTENCY CHECK OF t-DEPENDEN

72(2100) in 27107 p(770)ag(980) D1

EXpeCtation for diffractive reson| 7(2100) in 27+0% £,(1285)7 D1; £1(1285) — ag(980)m

o0 (t') x ("M - exp (—b . t')
Impact parameter picture: b 3

T \\

Drarget / \p

e For interaction ranges on the
size: b~8(GeV/c)~

— Fit integrated model for o (t/
components from RMF

David Spiilbeck

75(2100) in 27 0% ax(1320)7.52

m5(2100) in 270 ay(1320)n D2

m5(1880) in 270 p(770)an(980) D1

m5(1880) in 27107 f1(1285)7 D1; f1(1285) — ag(980)m
m5(1880) in 27707 ay(1320)nS52

m5(1670) in 27 0% p(770)ag(980) D1

N 7(1670) in 27+0% £,(1285)w D1; f1(1285) — ap(980)7

m1(1600) in 1717 p(770)ag(980)S1
71(1600) in 117 f,(1285)S1; £1(1285) — ao(980)w
m(1600) in 1-+1%9'7 PO

aa(1970) in 41 £, (1285)F1: £(1255) — ag(980)
3(2080) in 3++0° TTU)nn(DcU)F‘I
a3(2080) in 370" f1(1285)7 F'L; fi( 128r — ag(980)m
5(2080) in 3407 ay(1320)n P2
45(2030) in 2++1 f,(1285)7 P1; f1(1285) — ap(980)7
a2(2030) in 21w DO
a5(2030) in 2717 ay(1320)nP2
a2(1700) in 2++1* £,(1285)7 P1: £(1285) — ap(980)7
ax(1700) in 219w DO
a5(1320) in 2+ 17w DO
1(1930) in 1H+07 p(770)ap(980) P1
a1(1640) in 1507 f,(1285)7 P1; f,(1285) — ap(980)
a1(1640) in 17707 f1(1285)w P1; f1(1285) — (7m)sn

Light

COMPASS preliminary
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REFLECTIVITY BASIS

e Reflectivity basis: go into eigenbasis of reflection operator through production plane
with eigenvalues ¢ = £1 (reflectivity), accounting for spin projection of X:

1/vV2, m >0,

VQ) =N, P@m(9> —eP()TTYTQ)] with N =<1/2, m=0,

e Note: in reflectivity basis, m >0 0 m < 0.
e Amplitudes with opposite € do not interfere: ’

Niaves ? o
ZOQ) = > | > T Y] = D03 S V(@) o Y Q) with
e=x1| ¢m e=x1 4m p'p,’

e Just a basis change = physics remains unchanged
e High-energy limit
e Reflectivity € corresponds to naturality (n = P(—l)‘]) of exchanged Reggeon
e Pomeron exchange (natural parity) dominates = ¢ = +1
e Much less partial waves with ¢ = —1 than with ¢ = 41
= reduces number of fit parameters

David Spiilbeck Light-Meson Spectroscopy at COMPASS 28/17




COMPARISON WITH RESULTS OF BNL E&52

6000

i \i O i e 1.0
e BNL E852 analysis of mmn 4000 ?fi\l\i a) o d |,
with 10x less number of , i N 30
000 \5\ T el
events & ,.i! : Bz e )
2.0
e Beam momentum at 3 I S y{ 10 g
s 1000 E3 ™ 0.0 A
18 G?V/ ¢ 8 o A T4 \LH.L{ <y i e I D1
e No t'-dependence & 200 [z o, T 2.0
£ e A L
e Only plots _for three 2 2000 ;{'{; Q) \f\; e 0.0
f1(1285)7 -wave published £y S Byt
. o 1000 [ NG . 2.0
— Compare intensities and / = e | et dd 30
phases with new results from "4 16 18 20 22 24 14 16 15 20 22 24 26

COMPASS M(3mn) [GeV/c?]

e Perform fit with reduced wave  2)1*+0" f,7P1, b) 27 T0" f,7D1, ¢) 1717 f,781
set to reveal artifacts [BNL E852, PLB, V595 109, 2004]

David Spiilbeck
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COMPARISON WITH RESULTS OF BNL E&52

x10°

170'f,(1285)71P1;f, - agrT

(9.21%)

5

w
?

N
?
o

o
Q

Intensity [(40 MeV/c?)™ Y

0.10<t' [(GeV/c)}<1.00
wave set: $ COMPASS #.BNL

%o pn
8340,

<
:

David Spiilbeck

2 25 3
My [GEVIC?]

[1°°0'1,(1285) P - ag7]-[20'1,(1285) DL f; a7

= 0.10<t' [(GeV/c)<0.17
g 2004 wave set: §[éoMPAs)SZ] BNL
< N
<
1004
0,
#
-100
a0 %00y ¢
IR
i1
_200 T T T
15 2 25 3

My [GEVIC?]

Light-Meson Spectroscopy at COMPASS

e COMPASS wave set
(290 waves)

e BNL E852 wave set
(53 waves)
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COMPARISON WITH RESULTS OF BNL E&52

_ x10°  170'f(1285)mP1;fy - agrr _ (170" (1285)7P1L: ;- ag7]-{27°0'1(1285) nD 1, - ay7]
DS (o Il Colline vy £ 200] wﬁgﬁf‘ﬁéﬁﬁﬁgkgﬂ
s s o)
% 30] - ¥ 100] e COMPASS wave set
g C (290 waves)
> 20 . . 0
% . [N ++.
E 109~ ~1004 e, , e BNL E852 wave set

4 R S I RUREIY

0ty ‘ = -2001— ‘ — (53 waves)
15 2 25 3 15 2 25 3
My [GEVIC? My [GEVIC?
17°07/,(1285)7P [17°07,7P]-[2~0%f,zD]
46000 1 T 10k i 1 BNL E852 data
24000 a | g ‘13-3 ' +1 — Model 1 (main)
] H H —_ A—
! o o o —_
%2000_... (1 \5\ : g-2.0 1 Model 2
14 16 18 2.0 22 24 26 14 1.6 1.8 2.0 2.2 24 2.6
M(3z) [GeV/c?] M(3zy) [GeV/cH]

David Spiilbeck

Light-Meson Spectroscopy at COMPASS 30/17



COMPARISON WITH RESULTS OF BNL E&52

x10°  171(1285)7SL;f) - aprr [T 11412857511, - ag7-{10'F,(1285) nPLf, - a7
bl (2.99%) 0.10<t' [(GeV/c)|<1.00 T 0.17<t' [(GeV/c)?]<0.30
N 151 waveset: § COMPASS +BNL B, 200 waveset: § COMPASS +BNL
: s
= #, 100 e COMPASS wave set
? 1o ¢
N . e ssoteys ik \ (290 waves)
2 t o # #
5 sl Wity 4y
= ] ¥ J
= : ' ~1001 i e BNL E852 wave set
.
odets et 200 | | (53 waves)
15 2 25 3 15 2 25 3
My [Gev/cY My [GeV/c?]
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COMPARISON WITH RESULTS OF BNL E&52

x10°  1'1'f(1285)7mSL;fy - aprr [17°1°1,(1285) 7S f; - 8 7]-{170°F(1285) P  ~ g7
o (2.99%) 0.10<t' [(GeV/c)3<1.00 B 0.17<t' [(GeV/c)]<0.30
g 151 waveset: § COMPASSHBNL B, 200 waveset: § COMPASS +.BNL
£ el
= 3‘* 100 e COMPASS wave set
| 4 .
g wof Y IR ILESE— y h (290 waves)
ﬁ ¢ *‘A#* %““ ).-‘ f
£ 5] 4 ', PR tt
E + —100 e BNL E852 wave set
ol et P b | | (53 waves)
15 2 25 3 15 2 25 3
My [GEVIC? My [GEVIC?
11 £,(1285)7S [1717/aS]-[1707f,72P]
i"; 7 ‘ ] p X )| PR L W L R BNL E852 data
52000—- e ) E (l)g:} = g - ?) 1 — Model 1 (main)
%1000/ kY i - 400 — Model 2
= ", { | |3
g 8 | \L%‘* -2.0?‘ . . g
“ 1416 1.8 20 22 24 26 14 1.6 1.8 2.0 22 24 2.6
M(37n) [GeV/c?] M(37n) [GeV/c?]
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USED ISOBARS

sub-system isobars propagator term parameter
0 (957) real Double-Gaus obtained from fit to data
f1(1285) const. Breit-Wigner | mg = 1281.4 MeV/c?, Ty = 22.0 MeV/c”
oty n(1295) const. Breit-Wigner | mg = 1295.0MeV/c’, Ty = 55.0 MeV/c”
f1(1420) const. Breit-Wigner | mg = 1426.0 MeV/c?, T = 54.0 MeV/c”
p(1450) const. Breit-Wigner | mq = 1465.0 MeV/c?, Ty = 400.0 MeV/c?
ay (1260) Bowler mo = 1299.0MeV/c”, Ty = 380.0 MeV/c”
e a3 (1320) rel. Breit-Wigner | mg = 1314.5MeV/c?, Ty = 106.6 MeV/c”
7w (1800) const. Breit-Wigner | mg = 1804.0 MeV/c?, Ty = 220.0 MeV/c?
75 (1670) const. Breit-Wigner | mg = 1642MeV/c’, Ty = 311 MeV/c”
_ ] _ Z
. ag (980) Flatté mo = 98Z'4_ l\qe(\)/5/ Cg' Lo 5 zgf MeV/c
=1.05, gp, = 0.
a3 (1320) rel. Breit-Wigner | mg = 1314.5MeV/c?, Ty = 106.6 MeV/c”
(r 7 )s J. Pelaez et al.
ot p(770) rel. Breit-Wigner mo = 768.5 MeV/c”, Ty = 159.7 MeV/c”
£0(980) Flatté mo = 980.0 MeV /c
(for w(1800)-decay) r=4.21, g, = 0.165
f2(1275) rel. Breit-Wigner | mg = 1275.0MeV/c?, Ty = 185.0 MeV/c”

David Spiilbeck
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DEcAY CHANNELS

counter Primary Decay Secondary Decay Tertiary Decay Topology
0 X~ = f1(1285)7 £1(1285) — ag (980)7 ag (980) — 77 a
1 X~ — f1(1285)7~ f1(1285) — (7m)gn (rm)g = wt a
2 X~ = n(1295)7 " n(1295) — aZ (980) ag (980) — w7 a
3 X~ —n(1295)7~ n(1295) — (7m)gn (rm)g = 7t a
4 X~ — a; (1260)n a; (1260) — p(770)7 (S-Wave) | p(770) = 7« a
5 X~ — a; (1260)n ay (1260) — p(770)7w (D-Wave) | p(770) - 7 n " a
6 X~ — a3 (1320)n a5 (1320) — p(770)7 (D-Wave) | p(770) =« 7" a
7 X~ — (nm)sag (980) (rm)g = wt ag (980) = 71 b
8 X~ — (7m)saz (1320) (rm)g = wt a3 (1320) — 7 b
9 X~ = p(770)ag (980) p(770) = m wt ag (980) — 7 b
10 X~ — p(770)a;3 (1320) p(7T70) = 7 7" a3 (1320) — 7 b
11| X~ = £,(1275)ag (980) £2(1275) —» ot ag (980) — w7 b
12 X~ =0 (957~ n'(957) =« 7'y - c
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DEcAY CHANNELS

counter Primary Decay ‘ Secondary Decay ‘ Tertiary Decay | Topology
13 X — f£1(1420)7 " f1(1420) — ag (980)7 ag (980) — 77 a
14 X~ — p(1450)7~ p(1450) — pn (P-Wave) p—or at a
15 X~ — 7 (1800)n | m (1800) — fo(980)7~ (S-Wave) f0(980) — 7 a
16 X~ — my (1670)n 7y (1670) — pm~ (F-Wave) p— T a
17 X~ — my (1670)n | my (1670) — fo(1275)m (S-Wave) | f5(1275) — 7 a
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PARTIAL-WAVE DECOMPOSITION - 77r7n

e Data split into bins of (my, t') and use intensity function with rank =1 and e = +1

2
DT )| D Tr)| D TW(m)| + Tl
a b b

2 2
1(7;77;777-2':{7_177—2}): + +

’ ’ ’
all waves but ' 7 T-waves 7 mT-waves
e Decay amp Vg, , are calculated from data using isobar model. Bose&Isospin sym.

o Anchor waves: 17107 f,(1285)7™ P1, f,(1285) — a0 (980)7 for a and 1~ 17 'x~ P1 for b
Production amplitudes 77:; are determined by extended log-likelihood fit per (mx, t')—bin

e Possible decay chains:
o X o (matn)+n (a) o X o (m w4 (™) (b)
o X = (m nn ) +n(a) o X o +7 (c)
a) T ; b) T ; c) T
3 3
4 4
Nearget Nrecoit Niarget Nrecoil Niarget
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WEIGHTED MC - my < 3.0GeV/c?

David Spiilbeck Light-Meson Spectroscopy at COMPASS 35/17




WEIGHTED MC - 0.1GeV?/c® < t' < 0.3GeV?/c?

1,

an
i

)

)

{
EREEED
ERERED

N

i

3
]
i ;
3
X
i
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USED SOFTWARE

e WASP = Wave Analysis
Software Package
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PREDICTED BRANCHING FRACTIONS

Hybrid meson in flux tube model

1

e I =1 mesons are preferred

e Preferred channels: bym, fim, a7, ..
For a 1~ hybrid at 1.6 GeV one has

byr pm fim  p1295)7 K¥K
this work 24 9 5 2 .8 MeV
IKP model 59 8 14 1 4 MeV

where both models predict s, ' 7, pw and f,7 to be 0

[Page, Swanson, Szczepaniak, PRD 59, (1999) 034016]

Lattice QCD

600
400

ZOOT £,(1285)n
30 pr
20% '

n'r
10 f; f 1_ 420)x
KK

nm
m,=1.7GeV

[HadSpec, PRD 103, (2021) 054502]

I;/MeV

nm 0—1
pm 0—20
n'm 0— 12
by 139 — 529
K'K 0—2
f1(1285)r 0 — 24
pw{'P} <003
pw{’P}  <£0.09
pw{°P} <003
f1(1420)r 0 — 2

[ =5 T, =139 — 590
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.59.034016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.054502

BRANCHING RATIO OF THE 7;(1600)

The branching ratio for resonance j decaying into waves a and b can be estimated
according to:

Brl, = s with =S N (t') with
t/

—a
J
1—‘b

N () = e () T dm Lo (m) - D (ms )

Mmin

with mpy;, = 1.2 GeV/02 and M, =maximum of fit range.

x10°  L'11,(1285)7mSL; f; - agr 10° I 1''7PO x10° 171" p(770)a,SL
T 15 0.10 <t [(GeV/c)] < 1.00 N 0.10 < #' [(GeV/c)] < 1.00 T 0.10 <t [(GeV/c)] < 1.00
ks COMPASS preliminary L 15 COMPASS preliminary ks COMPASS preliminary
> Total > Total > Total
g Resonances ﬁ Resonances g * Resonances
S 104 Non-res. = Non-res. = 10 Non-res.
N2 I 107 N2
2 2 2 {
g s g 5 5 ;
E ER £ ¢
L i e
O-+—r=47 T — 0 T T T O*#ﬁ' vt
15 2 25 3 1.5 2 2.5 3 15 2 25 3
My [GEVIC?] My [GeV/c?] My [GEVIC?]
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BRANCHING RATIO OF THE 7;(1600)

The branching ratio for resonance j decaying into waves a and b can be estimated
according to:

Bri, = Lo with 17 = YA (') with
t/

¥
cl (t’)

with m,.i, = 1.2 GeV/c* and Mmax =Maximum of fit range.
min

N (¢) = "1 dm L (m) - 2 (ms )|

J
Mmin

What can we measure and calculate?

71(1600) (1600 Fn’
1285)7 1285)7;f,—atn T —prtaT anT
L = -1 1720 . L/ ole
I,7r1(1600) I‘7r1(1600) Ff1(1285) ~—~
77/71' 7]/71';17/—>7r77r+77 @oT =TT ynobserved channels
reduced branching ratio measured branching ratio (PDG values)
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BRANCHING RATIOS OF THE 7;(1600)

Reduced Branching ratio

Measured branching ratio

(value £ 0.t )

[71(1600) 7, (1600)
LR TA STt 2T — (.60 + (.02 0295 1 01 40,034 £ 0.107
rt rrt
n/w;77/~>7\'7\'n n,7r
[1(1600) ™1 (1600)
flii?fggg;flﬁaowaaoﬂnﬂ — 4.47 4+ 0.50 % —=124+14+6.3
pag (980);p—mmiag = pag (980)
7, (1600) 7, (1600)
B Ty 980
PRI T — (.13 £ 0.02 22080 ().080 < 0.009 == 0.040
r' rrl
n w

’
n TN —owwn
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BRANCHING RATIOS OF THE 7;(1600)

Measured branching ratio Reduced Branching ratio
(Value :I: O_stat.) (Value j: Ustat. :I: O_PDG)
l‘rl{](m‘]‘] 1_‘1r1(1600)
e e (R X —H ey = 1.01£0.034 £ 0.107
///ﬁ./// >N ’I]/‘I\'
1‘” (1600) 1 (1600)
SRS 100 T — 47 £ (.50 AT 124414 £6.3
pag(980);p—mmiag—nm pag(980)
l‘wl‘jl(mu) 7r1(1600)
paqO80ie 0 2T — ()13 + 0.02 2o = 0.080 + 0.009 + 0.040
T \/1 , 1
n wn =N n,w
Comparison to Exp. and Theory
71 (1600) 7 (1600)
fq(1285) 7 L f(z2ss)r
W = 1.1 4 0.3 [ves, P.AN. 68, (2005)] ° LQCD.W ~ 2
77,7r 'r)/-/r
7\'1(1600) 7\'1(1600)
fq(1285)7 . f(1285)7
W = 3.80 = 0.78 [ess52, PLB 595, (2004)] e Flux tube model: W >1
’ !
n ™ n
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https://doi.org/10.1134/1.1891185
https://linkinghub.elsevier.com/retrieve/pii/S0370269304007798

Freed isobar analysis
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EXPERIMENTAL RESULTS T — PT

. X105 1.58 17*1*[nn)y 7P
Freed Isobar Analysis Results: i — Tt petsion
0.32¢ < L000(GeV/c)*
e In conventional analysis e Same result as conventional i
. 1.0
dynamical shape of isobars fit o
are fixed in decay amplitude — Spin-exotic wave shows I
. H 0.5
e Free the dynamics of the clear p(770) signature
isobar and fit it with data: — Supports assumptions of
I(r;) = isobar model 00705 - H)[GeV/]f:] 20
2 -t
Nyaves ngbins 158 < my, < 1.62GeV/c® 141 ()P
Z Z et robar WA [ Fincd parametaion
7:1,k‘ll/a/,k(TL) 400 0]2(»<('<1.1){!!)1(;(\//7")1
a k s
with ~
To = Tak = TaTak |§ 200
e The set T, ; describes the
dynamics of the isobar in wave
(a) 0
-200 (‘)_ 200
Re(7ak)

[COMPASS, PRD 105, 2022]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012005

AMBERS SPECTROSCOPY PLANS

Goal: record 20 M K7~ 7~ events
e Beam line optimization (CERN North Area Consolidation)
e Improved CEDAR efficiency: 85% — 95%
e Beam intensity: 2.4 10” particles per spill — 7 107 particles per spill

e Reduced beam momentum:
e Improved final-state PID efficiency: 50% — 81%
Luminosity for K with 40cm IH2 target: £ = 1.24 - 10*%em ™ spill—1
Cross section for diffractive production of K77: g = 250 ub
= 200 days with 3000 spills (4.8s) per day
= we can record 20 M K7m events in about 2 yrs

1000

Apparatus for Meson and Baryon
Experimental Research
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