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\ K S=+1 Quark model:
* bound state of gg
i myen w550 1 * SURaver (7 =323=8d1

uu/ddiss uu/ddiss o CO|OI’ Slng|etS
su sivg S=:1
K
Q=1 \Q=0 Q=+1 Quantum numbers:

* measured: [¢ (J©¢)
* quark model: 2"/,
S=S,+S, , J=L+S

P =(-1)"*

C = (-1)Hts

G = (_1)L+S+I
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\ K S=+1 Quark model:

* bound state of gg
i myen w550 1 * SURaver (7 =323=8d1
uu/dd{ss uu/ddiss o CO|OI’ Slng|etS

Q=1 \Q=0 Q=+1 Quantum numbers:

* measured: [¢ (JFC)

* quark model: 2"/, |
S=S,+S, , J=L+S |

Allowed combinations

JPC = o=t 0", 17,
1t 2t L
| P = (-1t
C=(-1)"""
G = (_1)L+S+I
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\ K S=+1
ds us

su sd S=a —
K K O—0O (49),

Q=-1 Q=0 Q=+1 4L

O—0 O—0O (49)49)

Allowed combinations + Molecule / 4 quarks

JPC¢ = ot 0t 17, _
SR ONO (99): 8
_ o o Hybrids
“Forbidden” combinations
JPC — (0 O+— 1—+. gg
o Glueballs
2T .. +
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\ K S=+1

T \/du T n T h S=0 .‘1
uu/dd{ss uu/dd/ss
su sd S=:1
K

Allowed combinations
JPC¢ = ot 0t 17,
1t 2t .

“Forbidden” combinations

JPC = 07,07, 17,
27~

g . e
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Light Meson Spectrum
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Y v=n+L-1=m(GeV)

3, _t+ 3. akd 3 w3
a5(1700) aq(1640) p3(1690)
K2*(1980) K*3(1780) || K,(1820)
(2010
~(1800) f2(19#,0) ®3(1670)
K(1830) 2(1950) $3(1850)
n(1760) 72(1670) p(1700)
B K,(1770) || K*(1680)
1 - __ '12(1645) (1)(1650)
350=0 %sl=1 n7(1870)
1. oud 3 2
1P2=2 12"
ap(1320) 2 25+1 PC
K "(1430) nL] =
=(1300) p(1450) f2(1270)
K(1460) K*(1410) f,'(1525)
1 n(1295) ©(1420) : n
n(1440) (1680) a((1450)
K*(1430)
1 -+  3c =177 | £(1370)
Sn=0 S,=1 0
#0 271 f(1710)
3, _ 4+ 1 -
- 0(770) 1P 0—0 1P1—1
K -
K*(892)
0 |n ©(782) g
n (1020) I
1 -+ o =4
1S 0=0 1974 L
0 1 2

* Ground state 0", 17~ nonets ok
* Many predicted radial and orbital
excitations missing / unclear
* |dentification of exotics
 overpopulation of meson spectrum
* spin-exotic quantum numbers

In this talk: 2 examples

. all1(1420): JTPC=1T++
- w1 (1600): JTPC=1T—+

» [Amsler et al., Phys. Rept. 389, 61 (2004)]
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* "Not every bump is a resonance, and | fr st b sis s oo

not every resonance is a bump” What is resonance?

* Resonances have complex By R.H.Davirz, FRS.
. . . . Department of Theoretical Physics, Oxford University,

properties like mass and width, which s3p B. 6. Moosmovss

Department of Natural Philosophy, Glasgow University

do not depend on the experiment or
the specific model

« Resonances correspond to poles in
the S-matrix on unphysical Riemann
sheets

e S-matrix: S=I+.T
e unitary
« analytic

Transition (reaction) matrix:
Tlab=Qm)T4 8T (Plh—Pla) [Jicals #1/V2EL Mab
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Partial Wave EXpﬂﬂSlOn universitétbonn

For a 2-body reaction: expand scattering amplitude in partial waves

Mlab=A(s,t)=)t=0T0#R2L+1) AL (s) PIf (cosfh)

« Pl Legendre polynomials = angular distribution
* Al¢ transition amplitudes = dynamics
» General parameterization for scattering through resonance

ALl (5)=8mV's [k - il (5)ed12idLl (s) —1/2i=8rVs [k Flb (5)

« For isolated, narrow resonance: Breit-Wigner parameterization

S ()=md0 T /mi0T2 —s—iml0OT
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C Al
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\ 1.6 7 < B {8(
o X C z
1.4 7 X ~
2.5 o Y r d
1.2 ;
2 1E 1.5 £
C A 0.8 E A f:
1.5F vis B }{'
C / ‘ \ 0.6 - X 1 -
IF £ 0.4F &’* f’fl -
P - 0.5
0.5 = e 0.2F %‘m C
1 1.1 12 1.3 14 15 1.6 1.7 1.8 1.9 2 R 0.5 0 0.5 1 1 1.2 1.4 1.6 1.8 2
/s (GeV) Re(T) Vs (GeV)

ALl (5)=8mVs [k - pdl (5)ed12i8Le (s) —1/2i=8mVs [k [If (5

* Forisolated, narrow resonance: Breit-Wigner parameterization

S ()=md0 T /mi0T2 —s—iml0OT
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The Virtue of Phase Informatiopn, . ....;

onn

[M. Beck et al., Sci. Rep. 3, 3209; DOI:10.1038/srep03209 (2013).
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Partial Wave AnaIySIS universitétbonn

« Many different resonances are produced which decay into same final state
» Goal:
« find and disentangle (all) contributing resonances
» determine mass, width and quantum numbers J* of resonances
= angular distributions of decay products
* Interference effects = small resonances may be enhanced
 Take into account experimental acceptance

Assumptions:
* Production and decay of a state factorize

« Decay into multi-particle final state can be described by a sequence of
2-body decays

B. Ketzer - Exotics




Isobar Model
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x10° 7 p - 1 p (COMPASS 2008)
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Number of Events / (5 MeV/c?)

7Tp — x ' p (COMPASS 2008)
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m2. - of *7~ Subsystem (GeV?/c*)
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np—>xar p(COMPASS 2008)

| m,, — 1672 MeV/c? | < 100 MeV/c®

g g g Py Crd Gl gty ¢l peacd g

0.5 1 1.5 2 2:5 3
m2. - of w*7~ Subsystem (GeV?/c*)
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Partial Wave AnaIySIS universitétbonn

1. PWA of angular distributions in mass bins and t’ bins
2

I(r) = > TeAc(7)
¢

« 7Ué&= production amplitude for state with y=/7¢ (/TPC )M decaying to .
 Alé (r)= decay amplitude (calculable without free parameters)
* Result: spin-density matrix pd&&T=74& 7UE T+

Assumptions:
* Production and decay of a state factorize

« Decay into multi-particle final state can be described by a sequence of
2-body decays
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Partial Wave AnaIySIS universitétbonn

1. PWA of angular distributions in mass bins and t’ bins
2

I(r) = > TeAc(7)
¢

« 7Ué&= production amplitude for state with y=/7¢ (/TPC )M decaying to .
 Alé (r)= decay amplitude (calculable without free parameters)
* Result: spin-density matrix pd&&T=74& 7UE T+

2. xT2 -Fit of mass- and t-dependence of spin-density matrix
 Resonant contributions: Breit-Wigner functions
* Non-resonant contributions: empirical functions

*  Only subset of spin-density matrix is considered for computational
reasons

B. Ketzer - Exotics
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Intensity / (40 MeV/c?)
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 Resonance-like signal observed
» Large contribution of non-resonant background

» Need to understand origin for a reliable fit of
spin-density matrix of high-statistics H, data

el e ] Mo S

[Alekseev et al., Phys. Rev.
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[C. Adolph et al., subm. PLB, arXiv:1408.4286]
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M(n'n) [GeV/c?]

[G.S. Adams et al., Phys. Rev. D 84,112009 (2011)]
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Resonant production Non-resonant production
T
T 5 a; < P P
T T
T
E R
S
/
p p E P
» Generate pure Deck-like events
A (Mo ) Ay (S, t) o4l
M7r7r tw £ = T Ty VT TP\CTD? :
¢< ) 9 ) m% o tﬂ °'3f
[G. Ascoli et al., Phys. Rev. D 8, 3894 (1973)] o'_é_ /
» Pass through Monte Carlo & PWA R N—-ﬁ—; Lk

Mass of the 2 n system

* Normalize intensity to data for each wave and sum over t’
 Benchmark on waves w/o resonances, test on exotic wave
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Data vs Deck
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Low values of #:

Mostly non-resonant
production

Good description by Deck
model

High values of :

Deck
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Resonance appears
Dominates highest # - bin
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Clear phase variation
Variation 0(50°)
Mild variation with ¢
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New a,(1420) - Phase Differences. ...
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New a1 - 1++0+ f0(980)313 P universitétlm'n!
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Nature of a1(1420) universitétlm'n!

* Has all features of resonance!
« Narrow peak in intensity
« Sharp phase motion
« Description with Breit-Wigner gives M, = 1412 — 1422 MeV /¢

I,, = 130 — 150 MeV /¢

» Does not fit into quark model
« Mass difference to a1(1260) only 160 MeV
* Much narrower than ground state

Interpretation:
* 4-quark / molecular state, isospin partner of f,(1420)?
« Dynamic interpretation?
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Dynamic Interpretation umversitétbonn

all (1260)-pm, KT+ K  Unitary coupled-channel analysis
» Gives sharp rise at AT+ A threshold

[J.L. Basdevant et al., PRD 16, 657 (1977)] _ _ _
* Phase motion inherited from a1 (1260)7?

(o) TWO CHANNELS, (f) .
ONE POLE PLUS Tp——(K K)p
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Dynamic Interpretation umversitétbom

all (1260)- AT+ A +c.c.—~ /0 (980) 7

« Decay of all (1260)-ATx kK a1 (1260)
1
« Rescattering of K’'s to /40 (980) Po — VAT (k3)
« Triangle diagram -
oo tegEm K (k) S
* Logarithmic singularity in amplitude f0(980)

Two isospin combinations contribute
e a7(1260) - KK~ -7~ KTK~ = 7 fo,

o a;(1260) = K*K° - 7= K°K° = 7~ f,.
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Kinematic Conditions unwersitétbom

Landau, 19509:
» Positions of singularity in scalar theory given by

k- =i, =1 .08
S ki —yhkoy+2ks,, =0, x,y,2€][0,1], .
\x+y+z:L 10l
« For case of a1 (1260): 0 8:_
o [£U1=1.42 GeV
o [£U2=1.46 GeV 0.6
0.4}

Interpretation: i
« All intermediate particles on mass shell gof
» Collinear to each other |
« K and & have same velocity only for 24
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Calculation of Amplitude umversitém'n'n‘

Feynman rules for hadronic processes:
« Scalar case

(sc) 3/ d*ky !
M =g . . : :
i—fam (2m)4 (m2 — k2 —ie)(m3 — (po — k1)%2 — i€)(m3 — (k1 — p1)? — i€)

* VPP case: denominator carries spin structure

vs VPP + finite width of AT
Im Re ‘ Re
0.06}
0.15} . 'mM;ﬁ mfy 0.05F - |mAfa‘1lp-?lrf0
(sc)
=== ReMa, S 1 0.04f — ReAE;‘rp_El,,o
0.10} . ~
— lmAfsnT)]'r fa 0.03} \‘\\\
Ga o (vpp)
0.05} W, T S
2= . 001f
T5 T8 77\ s (Gev) 13 14 15 ——te——37V s (G
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COI'I'eCtIOns tO Vel'tICeS universitétbonn

* Finite width of AT

« Suppression of P-wave tail due to A7« - A7 decay

« Blatt-Weisskopf barrier factors

« Exponential correction factors for finite meson-size

* Introduce left-hand singularity in the amplitude

2

4p
|A]Z — @, (a.u.)
3
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> e
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Cross Section Ratio umversitétbonn

T pl
L] ﬂ- ”
Consider full process: R 4
- Diffractive production of resonant /1 (1260) - ay 5/ A
. p»rr———»——— :»::: < 7T+sp2
* Direct decay to pr A
« Decay to /Y0 7 only via triangle diagram
Dp
O (a.u.)
| g(a;»fihrrT)(a.u.)
0.1} .
Ratio 1:100 _ . |
— ag(ay-fymm’)
1072}
1.0 12 14 16 gV s (GeV 1 12 13 12 15 16 17 Vs
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Cross Section Ratio umversitétbonn

, — 4 Fi
Consider full process: %
- Diffractive production of resonant /1 (1260) - ay 5/ A
. R e mt P2
* Direct decay to pr A
« Decay to /Y0 7 only via triangle diagram
Dp
0.100 =
g(a;»fihrrT)(a.u.)
I'/\‘
f o\
"0 +c|
A
“‘ ,‘f \:{‘
& \{,&
/ - -
'n{ \‘i“jk\{r
: - ft N ~ E ﬁjrr~lj—
PRl e e i N ey : , ‘ . ‘ . .
o8 10 1.2 14 1.6 1 112 13 14 15 16 17 Vs(@V

Mass of 7t 7t
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COHC'USIO"S universitétbonn

@ Hadron spectroscopy is entering precision era
@ Statistical uncertainties very small
@ Systematic model uncertainties become dominant
@ Spin-exotic 7t,(1600): (re-) observed by COMPASS, VES, CLEO-c
« Large statistics of COMPASS = 2D-PWA in bins of X and ¢TI
= Strong non-resonant contribution to pmx, n'n
= Can be well described by Deck effect
=» Resonant part dominates at high #7
@ New axial vector meson observed in @J1 (1420)—- /40 (980) 7 ?
« Has all features of a genuine resonance
» Possible explanation: pseudo-resonance due to triangle singularity

@ Future: identify exotic multiplets and measure decay pattern
@ General: amplitudes need to satisfy analyticity and unitarity!
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Spare Slides universitétbonn
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