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0 Introduction

@ Meson production at COMPASS

© /7€ = 1~ spin-exotic signal

e A new narrow axial-vector resonance

6 Conclusions and outlook
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Mesons in the Constituent Quark Model (CQM)

@ Color-singlet |g7’) states, grouped into SU(3)g,yor multiplets
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Mesons in the Constituent Quark Model (CQM)

@ Color-singlet |g7’) states, grouped into SU(3)g,yor multiplets

Spin-parity rules for bound g4 system

@ Quark spins couple to total intrinsic spin .
1* L 2*

0|

S=0orl

@ Orbital angular Momentum L and total
spin S couple to
meson spin | = L+ S
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Mesons in the Constituent Quark Model (CQM)

@ Color-singlet |g7’) states, grouped into SU(3)g,yor multiplets

Spin-parity rules for bound g4 system

@ Quark spins couple to total intrinsic spin .
S=0orl §1 * L §2$

° Orbitgl angular Momentum L and total
spin S coupls to
mesonspin [ =L+ S

@ Parity P = (—1)*!

@ Charge conjugation C = (—1)

@ Forbidden JPC: 0~ —, even™,0odd ™ "

L+S
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Possible New Forms of Matter

Hybrids |q4g): states with excited gluonic fields

@ Glue component contributes to quantum numbers
o All JPC allowed
o Lightest predicted hybrid: spin-exotic J’¢ =1~
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Glueballs |gg): states with no valence quarks

o Lightest predicted glueball: ordinary "¢ = 0"+

o Will strongly mix with nearby conventional
JPC = 0 states
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Multi-quark states

@ Tetraquarks |qq 44): compact
@ Molecules |7 qq): extended
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Possible New Forms of Matter

Hybrids |q4g): states with excited gluonic fields

@ Glue component contributes to quantum numbers
o All JPC allowed
o Lightest predicted hybrid: spin-exotic J’¢ =1~

W

Glueballs |gg): states with no valence quarks

o Lightest predicted glueball: ordinary "¢ = 0"+

o Will strongly mix with nearby conventional
JPC = 0 states

Multi-quark states

@ Tetraquarks |qq 44): compact
@ Molecules |7 qq): extended

Physical states defined by quantum numbers

@ Linear superpositions of all allowed basis states:
193), 1998), 1), |14%G°), - - . ; amplitudes not directly observable
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Meson Production in High-Energy Scattering

7t 7ttt Production with 190 GeV/c t~ Beam at COMPASS

Ptarget Precoil

@ Soft scattering of beam particle off target via strong interaction

e Small momentum and energy transfer to target
o Target particle stays intact
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7t 7ttt Production with 190 GeV/c t~ Beam at COMPASS

Ptarget Precoil

@ Soft scattering of beam particle off target via strong interaction

e Small momentum and energy transfer to target
o Target particle stays intact

@ Beam particle gets excited into intermediate resonance X
@ Decay of X into 3 forward-going pions

o Measured by spectrometer

@ Same final state =— interference of different X
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Meson Production in High-Energy Scattering

7t 7ttt Production with 190 GeV/c t~ Beam at COMPASS

Ptarget Precoil

@ Soft scattering of beam particle off target via strong interaction

e Small momentum and energy transfer to target
o Target particle stays intact

@ Beam particle gets excited into intermediate resonance X
@ Decay of X into 3 forward-going pions

o Measured by spectrometer

@ Same final state =— interference of different X

@ 50-10° 7 7't events
@ 3.5-10° 7w °7° events
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Meson Production in High-Energy Scattering

7t 7ttt Production with 190 GeV/c t~ Beam at COMPASS

Theam X~ o g;
\ -
P
Ptarget / \ Precoil
x10° ap — a a*a p (COMPASS 2008)
a,(1320)

0.35—
03F  a,(1260)
0.25

0.2~

Number of Events / (5 MeV/c?)

7,(1670)

06 08 1 12 14 16 1.8 2 22 24
Mass of 7~ a*x~ System (GeV/c2)
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Meson Production in High-Energy Scattering

7t 7ttt Production with 190 GeV/c t~ Beam at COMPASS

Tlheam X~ o g;
i~ -
P
Ptarget T Precoil
x10° ap — a a7 p (COMPASS 2008)
oask ,(1320) @ Goal: find all resonances X
03 a,(1260) @ Determine their mass, width,
1

L and quantum numbers

0.2~

Number of Events / (5 MeV/c?)

7,(1670)

06 08 1 12 14 16 1.8 2 22 24
Mass of 7~ a*z~ System (GeV/c?)
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Meson Production in High-Energy Scattering

7t 7ttt Production with 190 GeV/c t~ Beam at COMPASS

Tlheam X~ e g;
i~ -
P
Ptarget —_— Precoil
. ><106 ap — x x'a p (COMPASS 2008)
;:0'35, a,(1320) @ Goual: find all resonances X
$ ok 4,01260) @ Determine their mass, width,
<) 1
Er. and quantum numbers
3 0o ® Method: partial-wave analysis
g
2015 ™ (1670) e Exploit interference patterns
0.1 to disentangle states
oost e “Amplitude analysis”
. @ Phase information

06 08 1 12 14 16 1.8 2 22 24
Mass of 7~ a*z~ System (GeV/c?)
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Meson Production in High-Energy Scattering

7t 7ttt Production with 190 GeV/c t~ Beam at COMPASS

o B Bachelor
beam ~a____ X i
+
P Isobar T
P
Ptarget /\ Precoil
_ x10° ap = xa'x” p (COMPASS 2008) _ x10° ap — aa*x” p (COMPASS 2008)
S & [
%0'35 a,(1320) E 12f p(770)
@, o
2 03 a,(1260) -
5 g
= =
& 025 8 osb
o H
2 02F = r
E s 7,(1670) 0.6~
ik £,(980)
0.1 [ £,(1270)
£ 0.2(
0.05 [ 03(1690)
0 07”\””\””\””
06 08 1 12 14 16 18 2 22 24 0.5 1 L5 2 2.5
Mass of 7~ System (GeV/c?) Mass of 7*z~ Subsystem (GeV/c?)

Model assumption: X~ decays via 71" 71~ resonance = “isobar” J
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Phase Information

Example: amplitude of a single narrow relativistic Breit-Wigner resonance

ITf
§ [rad]
w

0 L ol b b b Ly ] 0
08 1 12 14 16 18 08 1 12 14 16 1.8
m [GeV/c]] m [GeV/c?]

Peters, arxiv:hep-ph/0412069

@ “Phase motion”: J rises from 0 to 7 and is 7t/2 at peak position

@ Analogous to mechanical oscillator

7 Boris Grube, TU Miinchen Meson Spectroscopy at COMPASS



Spin-Exotic Signal with I = 1 and J°C = 1= in p(770)7r Decay Channel

@ Four-momentum
transfer t’ between 0.1
and 1.0 (GeV /c)?

@ Largest model used up
to now: 88 waves

T 7.[() 7.[0

7ttt scaled
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Spin-Exotic Signal with I = 1 and J°C = 1= in p(770)7r Decay Channel

@ Four-momentum
transfer t’ between 0.1
and 1.0 (GeV /c)?

@ Largest model used up
to now: 88 waves

@ Broad intensity bump

@ Similar in both
channels

T 7.[() 7.[()

7ttt scaled

Boris Grube, TU Miinchen

intensity (per 40 MeV/c?)

W
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=

(O8]
(=)
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(=]

10

x10° COMPASS 2008 (wp—(3m) p)
r 1I*1¥ p(770) n P
+ ﬁ‘nono, et (scaled)
C 4 0400 <t < 1.000 GeV?/e?
L 4 .

- } ++ Ht*t Jr (ﬁmc@er&}nt sutn)
C PR Preliminary
L } ++

|- *+

- :H% 4 /!
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S Y
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mg - (GeV/c?)
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Analysis in ¢’ Bins

“Low” t' ~ 0.1 (GeV/c)? “High” t' ~ 0.8 (GeV /c)?
Up — A w’p (COMPASS 2008) p — xwa’p (COMPASS 2008)
0.66% 11" p(770) P 0.96% I™*1* p(770) & P

0.100 s t' < 0.113 GeV*/c? 0.7T <t = 1.000 GeV/e?

=3
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=]

Intensity (20 MeV/c?)
S
L e e LA )
Intensity (20 MeV/c?)
[~ fee]
S S

wn
(=3
=3
T T T T T T T T T T
T T T T T T T T T
==

(=3
=3

| P b
. - » RILL f ot

0 bttt Lo Ly by Lo Tl ot Ls'ed el Bedofu bt bl st v 1o b Ly Ly Ly )
06 08 1 12 14 16 18 2 22 24 06 08 1 12 14 1.6 1.8 2 22 24

Mass of the wrs+ System (GeV/c?) Mass of the T System (GeV/c?)

=}

@ Strong modulation of mass spectra with ¢/
@ Dominant non-resonant contribution

@ Needs to be understood in order to extract resonances
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Model for Non-Resonant Component

Deck effect

Team \Isobar i T
_ +
Ty T

[ 7T_

P
ptarget / \\ Precoil

@ MC pseudodata generated according to Deck amplitude

@ Analyzed like real data
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Deck-Model for Non-Resonant Component

“Low” t' =~ 0.1 (GeV/c)? “High” t' ~ 0.8 (GeV/c)?
X 103 xp = awa'p (COMPASS 2008) a'p — awx'p (COMPASS 2008)
S 0.66% 171" p(770) = P 0.96% 11" p(770) n P

O
(=
=3

0.100 <t <0.113 GeV*/c*

I
%

0.7T <t < 1.000 GeV?/c?

=
i=3
=3

Intensity (20 MeV/c?)
Intensity (20 MeV/c?)
fee]
S
S

=
f=3
=3

7 * ﬁ + 500? W {HH* {
L 4001~
2: H o #f g { ” }
7 300F i } | f
r + 'W 200 HH i w *
' t 4&'& E | } *ﬁ + +H H |
L A;‘ ! &:'A“f-a.,,, N 100? iy *NH H+ .N,ﬁ ity th "‘“o,.’, e ,ﬁ 1 H
ST T PN N I 2 W e e Qbudsta aidibarrtlod 1L DTS .1 il
06 08 1 12 14 16 18 2 22 24 06 08 1 12 14 16 18 2 22 24
Mass of the wrs+ System (GeV/c?) Mass of the wwnt* System (GeV/c?)

@ Deck MC scaled to #-summed intensity
@ Include amplitude in PWA?
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Unexpected I = 1 Signal with J°€ = 1+ in £,(980)7t Decay Channel

3 COMPASS 2008 (T p—(37)°
@ Peak around a 24 ?10 1++(§+ fp(gg(o) )np]g
2 2 E 0
1.4GeV/c > 2F b w070, Tt (scaled)
@ Small intensity: = b 100 <€ <1.000 GeV?/c?
~ () 3° g F f (incoherent sum)
~ 0.3% R Here
& F Preliminary
z l6p %
2 141 f
8 C
£ 12F t J{
i
8 %
6 . # + Jf
4 J(Jf JrrJﬁ ﬁ ' +H 1
H 1
2 N *ﬁ i *ﬁf +++++J+w**+ﬂ*
— . 0.0 0:lllllllllllllqﬂllllllllllllllllllllllll
T 06 08 1 12 14 16 1.8 2 22 24
-t scaled m, (GeV/c?)
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PWA of 7~ p— 7T wh Precoil at COMPASS  axiv1so10

x10°

i: 25 170" £(980) 7P
3 L 0.1<t <1.0(GeV/c)}?
= 20 (1) Model curve
<L L (2) a,(1420) resonance
= T (3) Non-resonant term
2 15~
‘D [
g |
£ 100

S

1712 14 16 18 2 22
m,. [GeV/c9
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PWAof T~ p — T T 7T Precoil at COMPASS

Intensity / (20 MeV/c?)

N
a

x10°

41 p(770) TG K
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(1) Model curve
(2) a,(2040) resonance

20? (3) Non-resonant term
15
10
5
GE} 374 il A R A
1 12 14 16 18 2 22
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Boris Grube, TU M

[arXiv:1501.0

x10°
g 25 o' £(980) TP
3 L 0.1<t <1.0(GeV/c)}?
= 20F (1) Model curve
<L r (2) a,(1420) resonance
= T (3) Non-resonant term
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s
g |
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& 100F
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PWA of 7~ p— 7T wh Precoil at COMPASS  (axiv:1501.05732)

x10° x10°
& [ 4T p(r0) G “ T 2 10" 1(980) TP
3 250 0.1<t <10(Gevicy? ! 3 0.1<t <1.0(GeV/cy
S [ (1) Model curve = 20F (1) Model curve
<L [ (2) a,(2040) resonance <L L (2) a,(1420) resonance
& 20 S
= F (3) Non-resonant term o= r (3) Non-resonant term
2 2 15-
€ f £ 100
~ 10- - 10:
5 5
C:"' e /Hmumumum G: T )
1 12 14 16 18 2 22 1 2 14 16 18 2 22
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. . . . Bonnl L0 £(980) TP — 41" p(770) 1G
@ Consistent with Breit-Wigner s20007 0
resonance £1000
@ a,(1420): i
+15 2 o f
My = 141475 MeV /¢ i
Iy = 15318, MeV/c? a
r —+0100< t' <0.113 (GeV/c)?
—200~ —0.164 < t' < 0.189 (GeV/c)?
‘ | +‘o.449‘<r <0.724‘(Gevl‘c)2

1 12 14 16 18 2 22
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PWA of 7~ p— 7T wh Precoil at COMPASS  (axiv:1501.05732)

x10°

g 25- 1*0* f,(980) mP
3 [ 0.1<t <10(GeV/c)?
= oo- (1) Model curve
S [ (2) a,(1420) resonance
= r (3) Non-resonant term
2> 15+
D [
g I
= 10+

S

okt [ i I R

1 12 14 16 18 2 22
m,,, [GeV/c]

Nature of a,(1420) unclear

@ No quark-model states expected at 1.4 GeV /c?
@ Ground state a,(1260) very close and wider

@ Seen only in £,(980) 7 decay mode

@ Isospin partner of narrow f,(1420)?

@ Suspiciously close to KK* threshold
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PWA of 7~ p— 7T wh Precoil at COMPASS  (axiv:1501.05732)

T 250 0" 1(980) 7P

3 [ 0.1<t <10(GeV/c)?
= oo- (1) Model curve
S [ (2) a,(1420) resonance
Z (3) Non-resonant term
2> 15+
‘B L
g f
= 10

5

O:ﬁ'm e T T

1 12 14 16 18 2 22
m,,, [GeV/c]
Several proposed explanations

@ Two-quark-tetraquark mixed state [Wang, arXiv:1401.1134]

@ Tetraquark with mixed flavor symmetry
[Chen et al., Phys. Rev. D91 (2015) 094022]
@ Resonant re-scattering corrections in Deck process
[Basdevant and Berger, Phys. Rev. Lett. 114 (2015) 192001 and arXiv:1501.04643]
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PWA of - p— 7T wh Precoil at COMPASS  (axiv:1501.05732)

T 250 0" 1(980) 7P
3 [ 0.1<t <10(GeV/c)?
= oo- (1) Model curve
=] [ (2) a,(1420) resonance o =
g’ r (3) Non-resonant term K (892) L=t > 7T
%‘ 15:* 44' \
£ 10F ~
% a,(1260) s | Tt
r - \\,=.=.<:'
5- —
: @ f0(980) T
o] 5= A e R e A B
1 12 14 16 18 2 22
m,,, [GeV/c]
Several proposed explanations
@ Two-quark-tetraquark mixed state [Wang, arXiv:1401.1134]

@ Tetraquark with mixed flavor symmetry
[Chen et al., Phys. Rev. D91 (2015) 094022]
@ Resonant re-scattering corrections in Deck process
[Basdevant and Berger, Phys. Rev. Lett. 114 (2015) 192001 and arXiv:1501.04643]
@ Branching point in triangle diagram

[Mikhasenko et al., Phys. Rev. D91 (2015) 094015]
v
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Conclusions and Outlook

World’s largest 7~ 7t "7t~ data set

@ Crosscheck systematics with 7w~ 7°7t° data
@ Novel analysis scheme: binning in #/

o Better separation of resonant and non-resonant contribution
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World’s largest 7~ 7t "7t~ data set

@ Crosscheck systematics with 7w~ 7°7t° data
@ Novel analysis scheme: binning in #/

o Better separation of resonant and non-resonant contribution
@ Significant intensity in J’C = 1~ spin-exotic wave

@ Resonance interpretation work in progress
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o Peculiar properties

@ Extraction of resonance parameters limited by understanding of
non-resonant contribution

o Improved models needed
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Conclusions and Outlook

@ Crosscheck systematics with 7w~ 7°7t° data
@ Novel analysis scheme: binning in #/

o Better separation of resonant and non-resonant contribution
@ Significant intensity in J’C = 1~ spin-exotic wave

@ Resonance interpretation work in progress
@ New axial-vector state a,(1420)

@ Surprising find

o Peculiar properties

@ Extraction of resonance parameters limited by understanding of
non-resonant contribution

o Improved models needed

Other channels

@ Pion diffraction into =y, 7 4', mnn, n~ 7w, KKn, KKnm, ...
@ Kaon diffraction into K- 7t 7w~
@ Central-production reactions

o
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