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s Conclusions and Outlook

@ Frorh QCD to Hadron Physics

negative parity

Isovector Hybrid Candidates
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1=+ 7,(1600)
2—+ 7,(1880)
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& The COMPASS Hadron Setup T
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Spectrometer and Hadron Beam

COmmon Muon and Proton Apparatus
for Structure and Spectroscopy '

@ Located at CERN SPS
@ M2-beamline: high intensity = /K /p
beam up to 230GeV/c

@ data taking since 2002
— up to 1 PByte/year

&

Bt 1?1 ////J
= L 2 [

- / Apparatus
@ Two-stage magnetic spectrometer

@ Large acceptance charged
tracking

@ Calorimetry (ECAL/HCAL)
@ Kaon PID (CEDARs/RICH)

1 [Nucl. Instr. and Meth. A 577 (2007) 455]
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Status of the J7¢ = 1=+ Spin Exotic Partial Wave
7 Production at Central Rapidities

Tests of Chiral Dynamics
37 Primakoff Production

Conclusions and Outlook
Pion Polarizability
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@

Light Meson Spectroscopy
Isovector Mesons
Diffractive Pion Dissociation

_h
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& p— 7 7" p (2008) m
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Invariant Mass Spectrum

@ 190 GeV/c hadron beam —
96%7,3.5%K " ,0.5%p

@ 40cm liquid hydrogen target

® 0.1GeV?/c® < t' < 1.0GeV?/c?
@ ~50M exclusive events (2008)

e
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Two-Step Approach

@ Fitin mass bins (Decomposition in Partial Waves)

)= 3 3|5 Tt

e=x1r=1 i

2

e T: Transition amplitude € C(to be fitted)
e f(t'): t'-dependence € R(or ¢’ binned analysis)
e ¢: Decay amplitude € C(Helicity formalism, reflectivity basis)
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&3 Partial Wave AnaIyS|sr Formallsm m
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Two-Step Approach

@ Fitin mass bins (Decomposition in Partial Waves)
2

10 = X3 S T

e==e1l =7 i
e T: Transition amplitude € C(to be fitted)
e f(t'): t'-dependence € R(or ¢’ binned analysis)
e ¢: Decay amplitude € C(Helicity formalism, reflectivity basis)

v

Isobar Model Dalitz Plot m>(1670) region
T~ (beam)

&= +: natural
parity exchange

7~ (bachelor)

€= - unnatural
parity exchange

target recoil
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&2 Partial Wave Analysis - Formalism m
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Two-Step Approach

@ Fitin mass bins (Decomposition in Partial Waves)

)= 3 3|5 Tt

e=x1r=1 i

2

e T: Transition amplitude € C(to be fitted)
e f(t'): t'-dependence € R(or ¢’ binned analysis)
e ¢: Decay amplitude € C(Helicity formalism, reflectivity basis)

@ 2 fit of the spin-density matrix (Extraction of Resonance
Parameters)

e Parametrization of spin-density matrix elements, Z T T (my)
r

e Takes into account interference terms
e Coherent background for some waves
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Light Meson Spectroscopy

Intensities of dominant

Tes: Conclusions and Outlook

of Chiral Dynamics
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& p— 7 7" p (2008)

Additional Waves

mics Conclusions and Outlook
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Technische Universitat Miinchen

x10® 1937 MU= 1-(1++)0+ rho pi S x10° 1937 M"= 1-(2++)1+ rho pi D
Cod COMPASS 2008 < COMPASS 2008
3 Tep . @ +p Bos Tp . @ +p
2 1 mass ndep. PWA (S waves) SO0F . mass indep. PWA (s waves)
LG S SO g 50% ot 2008 data
< BRS¢ < ARG

P L
Losk DA 204 A
s v da s a
2 2
i . 1 i .
0.4F : - 03f 2 -
03fF + - s
. - 0.2
: .
02F R R
R - oaF -
0.1 - -

R

. Lt . ITRTNE SR TR "
06 08 1 12 14 16 18 2 22 24 06 08 1 12 14 16 18 2 22 24
Mass (GeV/c?) Mass (GeV/c?)

x10° 1937 M7= 1-(2-+)0+ 12 pi S
Qs ool COMPASS 2008
3 it ko THp - (31 +p
S lonen mass indep. PWA (5 waves)
R S .
T0.2f Shwaher Acc Car.
@ Channels probe different . T e
parts of spectrometer 2 oo
@ Qualitative agreement o1 Do
@ Isospin symmetry oost ¥
T JTTTE
06 08 1 2 22 24

Mass (Gev/c?)




Light Meson Spectroscopy T al Dy nics Conclusions and Outlook

@ Comparison 7 p— 7 wipvsm p— 7 n'a’p (2008) m

Technische Universitat Miinchen

1937 MU= 1-(1++)0+ rho pi S

10° x10° 1937 M"'= 1-(2+4)1+ rho pi D
< <
Qo7fe mr'n COMPASS 2008 L * o'’ COMPASS 2008
H Sraaeiit TEp - @ +p Bos[ S, TEp - @ +p
I e i mass ndep. PWA (S waves) R . mass indep. PWA (s waves)
g sou o 2008 it 3 g U —
< BRI & < RIS -
2 P 204
205k [ S 204 K
s v da s a
2 g
i . 1 i .

of -4 o A2 -

03f + - Lt

. R 02f
: .
02f R
= oaF -
0af N
Foiu il . T
06 08 1 12 14 16 18 2 22 24

| b el
14 16 18 2 22 24

Mass (GeV/c?) Mass (GeV/c?)

“10° 1° JP® M€ = 1-(2++)2+ rho pi D «10° 1937 M7= 1-(2-+)0+ 2 pi S
© 20Fe i’ COMPASS 2008 'Z) 25l ' COMPASS 2008
3 F S, T+p > (3n) +p 3 e TEp @ +p
= 18 e, mass indep. PWA (53 waves) = s mass indep. PWA (53 waves)
8 1ol Wz, 8 ool s,
P 2
£ 14 i 2
g I 2 O
[P h “basp ” 2 L.
10)- .0
8 Yy 01 -l
6 s
i
4 ) 0.05 PR
2 "i 1 1 1, S -
Ll #,.0% mh Hntsnl T e e s
06 08 1 12 14 16 18 2 22 24

Ll
06 08 1 12 14 16 18 2 22 24

Mass (GeV/c?) Mass (GeV/c?)

Florian Haas — COMPASS Hadro



t Meson Spectroscopy

§ Technische Universitat Miinchen
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D, - vs G;-wave
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Events/ 40 MeV.

clusions and Outlook
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& + p — nr + p (2008) T
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D.-vs Di-wave
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@ Comparison 7~ +p — n'm + pvs 7~ + p — nr + p (2008) “'m
Scaling: Adjustment for branching and phase space
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Comparison of D, waves
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G, Intensity [Events/ 40 MeV]

Comparison of G waves
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Exploring the light Meson Frontier

T +Pb—r rtr T + Pb
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Light Meson Spectroscopy Test: hiral Dynamics Conclusions and Outlook

@ 57 Resonances — Extracted Parameters MWTAIAI!.I
Summary of Resonance Parameters
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& Pb— n n n~ Pb (2004) T

. . PC Technische Universitat Minchen
The spin exotic JP¢ = 1= % pr P-wave

Exotic Signatures

@ |sospin exotics: “forbidden” decays
@ Spin exotics: J7© = 077,07, 17+, 2%~ ... forbidden in qg
@ Proof of existence — strong hint for physics beyond the quark model

COMPASS (2004): 7~ Pb— 7=~ nt7~Pb ~ 400000 events

‘gsoog—frpnp ) g ’5{); } @
S 7005 1;B:-loo;
Q £ E
T 600 8 -150— %
> s00b [
g 500" } 2000 {
2 40 2500 i } {
300F F BN g
200 300¢ i
1000 H ) L/ -850 AQ(I*T'pnP- I*0°pntS)
Otabiad N NN DRI ks 400E e L L
06 08 1 12 14 16 18 2 22 24 06 08 1 12 14 16 18 2 22 24
Mass of TETtTt System (GeV/c?) Mass of TETtTt System (GeV/c?)

[PRL 104 (2010) 241803]
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& Pb—>7r - Pb (2004) m
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The spin exotic JP¢ = 1=t pr P-wave

Exotic Signatures
@ |sospin exotics: “forbidden” decays
@ Spin exotics: J7© =0~—,07—, 1=+, 2%~ .. forbidden in qgg
@ Proof of existence — strong hint for physics beyond the quark model

COMPASS (2004): 7~ Pb— 7=~ nt7~Pb ~ 400000 events

o snp H pall Spin Exotic 71(1600)
§$§ @ Significant 1~ amplitude consistent
> s with resonance at ~ 1.7 GeV /c?
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300
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wo il Wt | = (1.660 £+ 0.010 T9:9%%) GeV /c?

Osetos T 1% 1f4f1.‘6 112%,; ?Gz\;z;iz) [ = (0.269 + 0.021 *9:%42) GeV /c?
assof TrTETt System (Ge . y
[PRL 104 (2010) 241803]
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& p— a7 p 2008) T

Technische Universitat Miinchen

The spin exotic JP€ = 1t prr P-wave

Intensity (statistical errors only) Phase motion vs 17+ pr S-wave
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@ Comparison 7 p— 7 7 pvsw p— 7 7x’p (20 m
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The spin exotic JP¢ = 1=t pr P-wave
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& + p — nr + p (2008) T
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D- vs P-wave
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@ +p— y'm+ p (2008) T
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D- vs P-wave
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@ Comparlson ‘7‘—7 + p *> ,]/TF + p VS ’/T7 + p *> ’]ﬂ- + p (2008) Technische Universitat Minchen
Scaling: Adjustment for branching and phase space

Comparison of P, waves
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&n Pb— n nta a1 Pb (2004) Tim
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An exotic 47 isobar

COMPASS 2004 gy [(1’]111(1600>—>ni [?]a1(1269)

n Pb - nn'nw'n Pb
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Light Meson Spectroscopy Tests of Chiral Dynamics Conclusions and Outlook

&» Systematic Improvements of the Model m

Technische Universitat Miinchen

WORK IN PROGRESS

@ Exploit full t'-dependence
— 2D partial-wave decomposition in small m and t’ bins

@ Model non-resonant contributions (Deck effect)

@ Semi-model-independent isobar parameterizations
— extract (77) s_wave from 37 data

@ Improve fitting procedures

e thresholds
@ objective model selection (genetic algorithm)
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@

Isoscalar — Scalar Mesons
Meson Production at Central Rapidities
in pp Scattering

Florian Haas — COMPASS Hadron 28/41



Light Meson Spectroscopy Te f C mics Conclusions and Outlook

@ pp % pfdbt (A * A B + pSlOVV (2 O O 8) Technische Universwm

Proton Diffraction

@ Diffractive production of baryon resonances

@ Kinematic overlap between production mechanisms
— mass dependence
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@ PP — PrastT T + Putow (2008) m

. SR Technische Universitat Minchen
Central Production — 77~ System
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Con nd O

& Pp — Prassm T + Puto m

. SR Technische Universitat Minchen
Central Production — 77~ System
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mm

@ pp % pfdbt A * A B + pSlOVV (2 O O 8) Technische Universitat Manchen

Amplitude Analysis of 7™ 7~ System — Physical Solution after Disambiguation
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=
g

* ot Mssc e (Geich) AL
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% E “\ 2 { g e B . 1
L - 2 5
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@ Primakoff 3= Spectral Function from yPT T

Technische Universitat Miinchen

PRL 108, 192001 (2012)

@ Heavy nucleus acts as a quasi-real photon source

.~ @ Chiral regime (low masses, t' < 0.001(GeV/c)?)
%L*’: — fraction of final state events photon produced
~ S ot
Ph Pb _ x10°
i o 2 L rPb—wnPb COMPASS 2004
S -7 % 35:
“‘{:_*____ T = 30:_ Ranges in t’ (GeV?/c?),
TN e \\"; [Janre
/K 2 250 M-
2 ok B 03 <v <10
P P - Ei02<v <10
- - 15 Cloi<e<1
T~ - F > 1 [x5
el E::__ = 10:_ t = 1 [x5]

]
I
]
S

=5

3

Mass of Tm" System (GeV/c?)
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@ Primakoff 37 Spectral Function from yPT T

Technische Universitat Miinchen

PRL 108, 192001 (2012)

@ Heavy nucleus acts as a quasi-real photon source

.~ @ Chiral regime (low masses, t' < 0.001(GeV/c)?)
%L*E — fraction of final state events photon produced
~ S gt
Pb P 3<103
) E T G COMPASS 2004
Tl e 3 E TPb - I P
ST T o= .
N = E t' < 0.001 GeVc?
Hr e e 7F
Y 7) E
£ 6F
/g ) 55
Pb Pb o E
. . A
T e 3
R 43
) A3
0: N PN AR ENTET RIS IR BT A te
2 P 04 06 08 1 12 14 16 18 2 22 24

m,, [GeV/c
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@ Primakoff 37 Spectral Function from yPT T

Technische Universitat Miinchen

PRL 108, 192001 (2012)

@ Heavy nucleus acts as a quasi-real photon source

- .~ @ Chiral regime (low masses, t' < 0.001(GeV/c)?)
i ';_.E:—’E— — fraction of final state events photon produced
/g o @ Analysis ansatz: yPT amplitude included in PWA
Pb Pb o — o=
_ E T 12 compass 2004
U - [Tty - T’ +
T © 10 fromrPb — TrrTTPh

T O.gF ® Fitted COPT Intensity
! "2 -+~ Leading Order ChPT Prediction +
0.6

\\\‘\\\‘\\\‘\\\

Ly T 04
Tl - t B + =
/A&::i : 0.2 Fu“_sﬁei“?qc‘amr
- F . - - —L;r;mosty Uncertainty
0.0l tdnazezn@ i - P e S e MR B
Pb b 0.45 05 0.55 0.6 0.65 0.7
m,, [GeV/c]
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@ Pb— « xn Pb (2004) m

Technische Universitat Miinchen

1=+ p7r in Primakoff Production

X
=

COMPASS 2004
TTPb - Tt Pb

t' < 0.001 GeV?/c?

1+

=
4

18
16
14
12
1.0
0.8
0.6
0.4

! |
\U |

i
0.0 L Hm*} Hmht’#‘*”\H{\”H\”“ol_
0.6 0.8 1 1.2 14 16 18 2 22 24
Mass of TrTeTT System (GeV/c?)

e
=
T

Intensity / (40 MeV/c?)

Florian Haas — COMPASS Hadron 35/41



Conclusions and Outlook

@Conclusmn and Outlook

Conclusion
@ COMPASS 2008/2009: large data sets in
e diffractive 7~ /K™ /p dissociation (up to 2 orders of magnitude improvement)
@ Primakoff

@ Chiral dynamics: 3r—amplitude

b 0.0 o e 4 S
O ' , T WA ,NT ,NT ,K7r7r ’57r’7r7rccntral/isobar

@ Where is the | = 0 partner n1(1600) of the 71(1600)?
Hybrid Supermultiplet?
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@Conclusmn and Outlook m

Technische Universitat Miinchen

@ Dedicated Primakoff run 2012
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Conclusions and Outlook

@ Pion Polarlzablllty mm

Technische Universitat Miinchen

in Primakoff-Compton Scattering

@ Electric polarizability =T
a, =X°¢ (2,93 4 0.5) x 10~% fm® e o

@ Magnetic polarizability ) v
Br =Xrt (—2.77 £+ 0.5) x 10~4 fm? v
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&3 Pion Polarlzablllty mm

Technische Universitat Miinchen

in Primakoff-Compton Scattering

+ tem ]

° ~) y) gt [via eTe” — e T
PLUTO, MARKII,...: ar — 3 =4 —20
rather insensitive to polarisability, dominated by loops
e Radiative 7T production on the proton:

vt — Ty [Viavp — natH]

Mainz (2005) measurement: vz — 3 =11.6 £ 1.5+ 3.0+0.5
“4+0.5": model error only within the used ansatz,
full systematics not under control

@ Primakoff Compton reaction:
v — oy viaTZ = ZmA]

tiny extrapolation v* —~ O(1073m2)
fullv 1inder theoretical control
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&3 Pion Polarizability

Conclusions and Outlook

in Primakoff-Compton Scattering

Days | m beam, | ;o beam, | a; — B | ar + Br | ap — 3
days days Ttot Ttot T tot
120 90 30 +0.27 fixed fixed
+0.26 +0.016 fixed

+0.66 +0.025 | +1.94

ChPT prediction

5.70

0.16

4
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&2 Conclusion and Outlook m

Technische Universitat Miinchen

Outlook

@ Dedicated Primakoff run 2012
@ Beyond standard analysis:

o Non-Resonating Production (Deck)
e Study 27 and 4r systems, Isobar-fits
e Rescattering

@ Further measurements: OZI-violation, Multi-particle final states...
@ Consolidate Data — Global Meson Analysis Working Group
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n Spect € a Conclusions and Outlook

§ Technische Universitat Miinchen

Backup




0.5

negative parity
[

5(5)°

-
Al
I

2(2)°

Conclusions and Outlook

@ nght Meson Spectrum on the Lattice

Dudek et al. [arXiv:1106.5515v1] (@ m, = 400MeV)

2(2)°

i
1

s
=

1+

51(2)°

positive parity

V]
M
+ i@y

g+ g+t 3+—

mm

Technische Universitat Miinchen

exotics

m; = 396 MeV
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@ nght Meson Spectrum on the Lattice _Tm

Technische Universitat Miinchen

Dudek et al. [arXiv:1106.5515v1] (@ m, = 400MeV)

negative parity positive parity exotics

13(3)°

0t~
gt+ g+t 3+

10 o—% Isovector Hybrid
— 0T . my = 396 MeV
°§ - Candldates isoscalar T
0.5 ji 0_+ 71'(1 800) isovector
0+ 1 —+ T (1 600) YM glueball

2+ m,(1880)
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@5# Resonance | Paramisiar m

Technische Universitat Miinchen

Comparison to PDG

Parameter Fit PDG
Resonance JFe (MeV/c?)

7(1300) 0 ' M 1400 1300 &+ 100

r 5007 200...600

r(1800) 0" M 1781 + 57" 1816 & 14

+5(+62)
r 168 + 9% %) 208 + 12
o a(1900) 1Tt M 1853+ 7 500 1930139

r 443 4 14712(+98)

45(—65) 155 + 45

o a(2200) 17" M 2202487550 2096 + 17 + 121

r 402417 018 451 + 41 + 81

m2(1670) 2 M 1719.01 1672.4 £ 3.2

r 251.47 259 £9

m2(1880) 27t M 1854i6*i( ) 1895 + 16
+7)

r 2594+13707, 235 + 34

o m(2100) 27t M 2183+ 127704 2090 £ 29
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@ Isob s that have been used . Tim
47 Isobars (G = +) 37 Isobars (G = -)

Name Mass / GeV [GyPC

f 137071500/ 1700 o+(o++) -

7] 1405 (O +) % L C;OMPAS?ZQ(M

o 1450 /1700 (1) 3% 3w pr v

by 1235/1800 (1) 5+

fi 1285 /1420 1+t E

f 1270/ 1565 (2++)  F

b 1645 ot(2=+) T

p3 1690 (3)

M 1600 (1 +) n.:s 1 15 2 25 3 8IS

bO 1800 (0+ ) Invariant Mass of T Subsystem (GeVig

bo 1800 (2+) |
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S Isobars that have been used T

Technische Universitat Miinchen

47 Isobars (G = +) 37 Isobars (G = -)
Name Mass/GeV  IGJFC

; 18;103 COMPASS 2004 a 1270 1-(171)
3 e pr v a 1320 1-(2++)
5 i:: m’ 1300 17(01)
o T2 1670 1-(2=)

OE0.5 ‘1 15 ‘ .5
Invariant Mass oftrri Subsystem (GeViy ) e 1 600 '1 — (1 *+)

|2 1800 Z 2 )
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47 Isobars (G = +) 37 Isobars (G = -)

Name Mass / GeV IGJPC | Name Mass/GeV  IGJFC
f 1370/1500/1700 07 (07 )

n 1405 +(0~*) | a 1270 1-(1++)
P 1450 / 1700 (1) | a 1320 1-(2++)
by 1235 / 1800 (1) | 1300 1-(0~+)
f 1285 / 1420 (1) | 7 1670 1-(2=)
A 1270/ 1565 (2++)

75 1645 0t(2="1)

p3 1690 (37)

" 1600 T

bo 1800 (0+) | m 1600 1-(1-+)
by 1800 (2+°)

27 subsystem: o, p(770),(1270)

)
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&3 Excited Mesons in Parity Doublets? m

Technische Universitat Miinchen

[PRD 77 (2008) 034002

M2 Gey? A 1=0,P=+ (f, S=1) (h,S=0) * I=1,P=+ (a,8=1) (b, S=0)
¢ 1=0,P== (,S=1) (7,8=0) B 1=1,P== (p,S=1) (&, S=0)
6
f{in A L P A
P Piio ol d
o + ":,N';'b, “d o ‘I ¥ w;{ -;'b)* él ﬁ
5 (U§ Lt mz’ %u 'é |
n £
(N a bu, ald
*q 2 A a
| b Gl W4 0A WP et
n
N p @
3 ’Aj; (O Tk, w, P
' 7. A‘r-:
2
r
2 a;
1 +;rr i
* @47 by *y
* ik
a
1
@ p
n A ‘m
0.,,:
’ I
0 1 2 3 4

plot from M. Shifman and A. Vainshtein [PRD 77 (2008) 034002]

See also: R. F. Wagenbrunn and L. Ya. Glozman [PRD 75 (2007) 036007] and references therein
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& Excited Wsoms i Parity Doublets? T

Technische Universitat Miinchen

[PRD 77 (2008) 034002

M- Gev A1=0,P=+ (f, S=1) (h,S=0) * I=1,P=+ (a,8=1) (b, S=0)
¢ 1=0,P== (v, =1) (7, 8=0) B [=1,P=— (p,S=1) (a,5=0)
6
L.
] A £,
A T,
] + P [ j P ¢+n, rA"
s ¢+ ‘”Qﬁ”qb’ o5y - i} "

NEAVE Disputed Pattern
@ Non-qgq candidates have been

.,
3]t omitted from plot
A @ Most states above 2 GeV /c? from
".ﬁ" only ONE experiment (CB) in pp
] oR"
® p
) A .
" -
0 u ]

plot from M. Shifman and A. Vainshtein [PRD 77 (2008) 034002]

See also: R. F. Wagenbrunn and L. Ya. Glozman [PRD 75 (2007) 036007] and references therein
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@ Nornrrresonant Scattering — Deck Effect _Tm

Technische Universitat Miinchen

Monte Carlo Simulation
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o
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0.
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is]
i)
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°
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@ Deck Effect JP€ = 1++ Component

Partial-Wave Decomposition in ms,. and t’ Bins

' 2.21%

2216%

mm

Technische Universitat Miinchen

21.29%

. 2068%

Mass of 11 1e system (Gevi)

10.38%

18.28%

Vs o e st (€
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@The Quafk Model of (light) Mesons m

Technische Universitat Miinchen

Combining qg — there are some forbidden states!

Mesons: .
) Potential model:
@ Color neutral objects,
@ made from a V' = Heont + Hss + His + Hannin

fermion-antifermion (qq) pair

. Godfrey, Isgur, Phys. Rev. D32(1985)189
@ characterized by /°(JP¢)(mass) Y, sgur, Py fev. DI2(1985)

G = (71)I+é+s P — (71)é+1 C:(71)€+s
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&2 The Quark Model of (light) Mesons m

Technische Universitat Miinchen

Combining qg — there are some forbidden states!

Mesons: .
) Potential model:
@ Color neutral objects,
@ made from a V' = Heont + Hss + His + Hannin

fermion-antifermion (qq) pair

. Godfrey, | , Phys. Rev. D32(1985)189
e characterized by /%(JPC)(mass) ~ C0U"e lsaun Phys. Rev. DIZ(1985)

G = (71)I+k+s P (71)é+1 C:(71)€+s

JPC

Multiplets

@ /=0 = pseudoscalar 0~ ", vector 1~ states

@ /=1 = scalar 07", axial vector 17—, 17" and tensor 2" states
@ Same J™° = mixing!

@ Forbidden: 07,1~ 1,2%~ 37", ... — spin exotic states
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& Evolutionary Waveset Exploration T

Technische Universitat Miinchen

Genetic Algorithm — 284 Waves in Pool

Amplitude pool

{ control script |

Mutator —_—
\different models \‘

Ranked list of
surviving models

subsets

First generation
of models

evidences

- Selector

generations

Final set of best
performing models

Evidence = Goodness of fit

@ Bayesian Statistics — regularized Log-Likelihood
@ Takes into account model complexity

Florian Haas OMPASS Hadron
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