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The COMPASS Physics Program

COmmon Muon and Proton Apparatus for Structure and
Spectroscopy

@ Study non-perturbative QCD

@ Probe structure and dynamics of hadrons
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The COMPASS Physics Program

COmmon Muon and Proton Apparatus for Structure and
Spectroscopy

@ Study non-perturbative QCD

@ Probe structure and dynamics of hadrons

Chiral dynamics

@ 7ty and Ky
reactions
(Primakoff)

@ mand K
polarizabilities
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The COMPASS Physics Program

COmmon Muon and Proton Apparatus for Structure and
Spectroscopy

@ Study non-perturbative QCD

@ Probe structure and dynamics of hadrons

Chiral dynamics Hadron spectroscopy

@ 7ty and Ky @ Mass spectrum of
reactions hadrons
(Primakoff) o Clvartie

@ mand K excitations
polarizabilities
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The COMPASS Physics Program

COmmon Muon and Proton Apparatus for Structure and
Spectroscopy

@ Study non-perturbative QCD

@ Probe structure and dynamics of hadrons

Chiral dynamics Hadron spectroscopy Nucleon structure

@ 71y and Ky @ Mass spectrum of @ Helicity and
reactions hadrons transversity PDFs
(Primakoff) @ Gluonic @ k, -dependent

@ mand K excitations PDFs
polarizabilities ) @ Generalized PDFs |
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Outline

0 Introduction

e Search for spin-exotic mesons in 77~ diffraction
@ PWA of m~ " r~ system
@ PWA of - # and 7t~ 7' from final states
@ PWA of m- "~ "7t~ decay channel

e Search for scalar glueballs in central production
@ PWA of r" 7t~ system
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Introduction

The COMPASS Experiment at the CERN SPS

Experimental Setup NIM A 577, 455 (2007)

Fixed-target experiment

@ Two-stage spectrometer

@ Large acceptance over wide
kinematic range

@ Electromagnetic and hadronic
calorimeters

@ Beam and final-state particle ID
(CEDARs, RICH)

RPD + Target

At "
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Introduction
diffraction
alls in central production

The COMPASS Experlment at the CERN SPS

Experimental Setup NIM A 577, 455 (2007)

Fixed-target experiment

@ Two-stage spectrometer

@ Large acceptance over wide
kinematic range
@ Electromagnetic and hadronic
calorimeters
@ Beam and final-state particle ID S F;a;arﬁéteré
(CEDARSs, RICH)
’ @ 400 GeV/c primary p from SPS
o 1.5-10'2sec™! on Be target
@ Duty cycle: 20-30 %
@ Secondary & beam through M2
beam line NIM A 343 (1994) 351

2 o At190 GeV/c: up to 4 - 107 sec !
/ (limited by radio protection)
Beam ’
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Introduction

The COMPASS Experiment at the CERN SPS

Experimental Setup NIM A 577, 455 (2007)

Fixed-target experiment

@ Two-stage spectrometer

@ Large acceptance over wide
kinematic range

@ Electromagnetic and hadronic
calorimeters

@ Beam and final-state particle ID
(CEDARs, RICH)

Hadron spectroscopy 2008-09, 2012

@ 190 GeV/c secondary hadron beams
© h™ beam:97 % m ,2% K ,1%p
e ht beam: 75 % p,24% tt,1 % K+
@ Various targets: /Hp, Ni, Pb, W
COMW

/ ‘ @ > 1PByte of data per year
Beam
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tral on

Mesons in the Constituent Quark Model

@ Quark spins couple to total intrinsic spin .
S = 0 (singlet) or 1 (triplet) . 51
@ Relative orbital angular Momentum L
and total spin S couple to
meson spin J=L+3§

amgg&s
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Introduction
n diffraction
central production

Mesons in the Constituent Quark Model

Spin-parity rules for bound g4 system

@ Quark spins couple to total intrinsic spin R .
S = 0 (singlet) or 1 (triplet) . § 1 * L 52 *
@ Relative orbital angular Momentum L
and total spin S couple to
meson spin J=L+3§
@ Parity P = (—1)M™!
@ Charge conjugation C = (—1)-*°
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Introduction
n diffraction
central production

Mesons in the Constituent Quark Model

@ Quark spins couple to total intrinsic spin R
S = 0 (singlet) or 1 (triplet) . § 1 * L §2 *
@ Relative orbital angular Momentum L
and total spin S couple to
meson spin J=L+3§
@ Parity P = (—1)M™!
@ Charge conjugation C = (—1)-*°

@ Forbidden JP¢: 0-—, 07,1~ *+,2%—, 37+, ...
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Introduction
n diffraction
central production

Mesons in the Constituent Quark Model

@ Quark spins couple to total intrinsic spin . N o
S = 0 (singlet) or 1 (triplet) . 51 * L 52 *
@ Relative orbital angular Momentum L
and total spin S couple to
meson spin J=L+S§
@ Parity P = (—1)M™!
@ Charge conjugation C = (—1)-*°
@ Forbidden JP¢: 0-—, 07,1~ *+,2%—, 37+, ...
@ Extension to charged mesons via G parity: G = (—1)L+5+!
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Spin-parity rules for bound g4 system

@ Quark spins couple to total intrinsic spin
S = 0 (singlet) or 1 (triplet)

@ Relative orbital angular Momentum L
and total spin S couple to
meson spin J=L+3§

@ Parity P = (—1)M™!

@ Charge conjugation C = (—1)-*°

@ Forbidden JP¢: 0-—, 07,1~ *+,2%—, 37+, ...

@ Extension to charged mesons via G parity: G =

QCD allows for states beyond the CQM

@ Hybrids |g4g), glueballs |gg), multi-quark states |g%3?), ...
@ Physical mesons: superposition of all allowed basis states
@ “Exotic” mesons have quantum numbers forbidden for |44)

(71)L+S+I

o Particularly interesting: | PC_exotic states

y
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Introduction

Light-Meson Spectrum in Lattice QCD

State-of-the-art light-meson spectrum

Dudek, PRD 84 (2011) 074023

-— o =

e R
L Bl
=% mm 3t g4tt 3t

Exotics

my = 396 MeV

isoscalar mm==
(s

isovector mmm

P=+1 YM glueball s

@ Resonance widths and decay modes still very difficult l
OMEASS
e et adon spectoscomy o &G




PWA of
Search for spin-exotic mesons in 77— diffraction PWA of v/ from fin
PWA of 7 d

Outline

e Search for spin-exotic mesons in 77~ diffraction
@ PWA of m~ " r~ system
@ PWA of 7t and 7t 7' from final states
@ PWA of m- "~ "7t~ decay channel

L‘om}s's
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T ul
Search for spin-exotic mesons in 7t PWA of om final states
Search for scalar glueballs in central pi ] PWA of ~ decay channel

Production of Hadrons in Diffractive Dissociation

Target Recoil

@ Soft scattering of beam hadron off nuclear target (remains intact)

o Beam particle is excited into intermediate state X
@ X decays into n-body final state

o compass
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Search for spln -exotic mesons in 77— diffracti T rom final states
Search for scalar glueballs in central proc ol ~ decay channel

Production of Hadrons in Diffractive Dissociation

Target Recoil

@ Soft scattering of beam hadron off nuclear target (remains intact)
o Beam particle is excited into intermediate state X
@ X decays into n-body final state
@ High /s and low #': Pomeron exchange dominates strong
interaction
@ Rich spectrum: large number of overlapping and interfering X
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Search for spln -exotic mesons in 77— diffracti T rom final states
Search for scalar glueballs in central proc ol ~ decay channel

Production of Hadrons in Diffractive Dissociation

Target Recoil

@ Soft scattering of beam hadron off nuclear target (remains intact)
o Beam particle is excited into intermediate state X
@ X decays into n-body final state
@ High /s and low #': Pomeron exchange dominates strong
interaction
@ Rich spectrum: large number of overlapping and interfering X
@ Goal: use kinematic distribution of final-state particles to
o Disentangle all resonances X
@ Determine their mass, width, and quantum numbers

@ Method: partial-wave analysis (PWA)

COMP
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PWA of 7t T /stem
Search for spin-exotic mesons in 77— diffraction PWA of rom final states

PWA of ~ decay channel

Diffractive Dissociation of 7t~ into 7t~ 7t "7t~ Final State

nbeam

Target Recoil

Isobar model: X~ decay is chain of successive two-body decays

@ “Wave”: unique combination of isobar and quantum numbers
e Full wave specification (in reflectivity basis): J’C M¢[isobar|L

couys's
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ion T
Search for spin-exotic mesons in 77— ction PWA of rom final states

Search for scalar glueballs in central production PWA of ~ decay channel

Diffractive Dissociation of 7t~ into 7t~ 7t "7t~ Final State

nbeam

Target Recoil

Isobar model: X~ decay is chain of successive two-body decays

@ “Wave”: unique combination of isobar and quantum numbers
e Full wave specification (in reflectivity basis): J’C M¢[isobar|L

2
Fit model: o(mx, T) = 0y ’Zwaves Twave(mx) Awave(mX/T)‘
@ Calculable decay amplitudes Ayave(mx, T)
@ Transition amplitudes Tyave (1) determined from
multi-dimensional fit to final-state kinematic distributions taking into
account interference effects

y

COM;ASS
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T[beam

ptarget Pslow

@ 190 GeV/c negative hadron beam: 97 % m,2% K=, 1% p
@ Liquid hydrogen target

@ Recoil proton pgjoy measured by RPD
@ Kinematic range 0.1 < t' < 1.0 (GeV/c)?

couys's
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Search for spin-exotic mesons in 77— diffraction
PWA of nt

PWAof = p — m 7T 7T psiow

World'’s largest 37t data set: ~50 M exclusive events

@ Challenging analysis

o Needs precise understanding of apparatus
@ Model deficiencies become visible

couys's
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PWA of 7=t~ system
Search for spin-exotic mesons in 77— diffraction PWA of d from final
PWA of

PWAof = p — m 7T 7T psiow

World'’s largest 37t data set: ~50 M exclusive events
@ Challenging analysis

o Needs precise understanding of apparatus
@ Model deficiencies become visible

71~ 7t 7t~ invariant mass distribution

X
) = a,(1320) COMPASS 2008
- e
% 0.6 Tp = TP
= C 0.1 GeV/e? <t' < 1.0 Gev?/c?
% 05} a1(1260) w/o acceptance correction
5 N
> C
= 04—
- ,(1670)
0.3
0.2
0.1
b A
CO 1 2 3 4 5 6

Mass of © T " System (GeV/cz) x
COMW
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PWA of 7=t~ system
Search for spin-exotic mesons in 77— diffraction PWA of
PWA of

PWAof = p — m 7T 7T psiow

World'’s largest 37t data set: ~50 M exclusive events

@ Challenging analysis

o Needs precise understanding of apparatus
@ Model deficiencies become visible

717t 7t~ invariant mass distribution Dalitz plot for 71,(1670) region
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7ttt 7t invariant mass spectrum

x10°

a,(1320) COMPASS 2[)(]8
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0.1 GV <t < 1.0 Gev?
wio acceptance correction

a,(1260)
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Search for spin-exotic mesons in 77— diffraction

PWA of 7~

PWA of

syslem

i from final state

7ttt 7t invariant mass spectrum
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PWA of 7~ syslem
Search for spin-exotic mesons in 77— diffraction PWA of d 5! from final state
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PWAof 7~ 7wt ~ system
Search for spin-exotic mesons in 77— diffraction PWA of d 5! from final ste
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PWA of 7=t~ system
Search for spin-exotic mesons in 77— diffraction PWA of nd ! from final

PWA of 7t dece

PWAof = p — m 7T 7T psiow

7ttt invariant mass spectrum [ M EAERi 4 pilot-run
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d 7wy fr
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7t system
d 7wy fr
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PWA of 7~ T 7w~ system

Search for spin-exotic mesons in 77— diffraction PV d ! fr
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PWAof 7~ 7wt ~ system
Search for spin-exotic mesons in 77— diffraction PWA of d

i’ from final stz
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PWA of 7=t~ system
Search for spin-exotic mesons in 77— diffraction PWA of nd  from fin
PWA of 7t -

PWAof = p — m 7T 7T psiow

Spin-exotic 1~ 17 [p7| P
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@ Structure around 1.1 GeV/c?
unstable w.r.t. fit model

@ Stable enhancement around
1.6 GeV/c?
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Search for spin-exotic mesons in 77— diffraction

PWA of 7=t
PWA of 7t nd
PWA of 77 -~

~ system
)
from fin

PWAof = p — m 7T 7T psiow
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@ Structure around 1.1 GeV/c?
unstable w.r.t. fit model

@ Stable enhancement around
1.6 GeV/c?

@ Phase motion w.r.t. to tail of
a,(1260)
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PWA of 7=t~ system
Search for spin-exotic mesons in 77— diffraction PWA of 7t nd  from fin
PWA of 7t -

PWAof = p — m 7T 7T psiow
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10° o
T ofrorms - cgmmssvax unstable w.r.t. fit model
£ oI
3 A @ Stable enhancement around
our . 1.6 GeV/c?
01 i @ Phase motion w.r.t. to tail of
0.08— .
006 g . a; (1260)
0.04F N s
00k e w @ Phase locked w.r.t. 77,(1670)
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PWA of 7~
Search for spin-exotic mesons in 77— diffraction PWA of
PWA of

PWAof m~p — m 7T 7T psiow

Summary

@ Data described by model consisting of 52 waves
+ incoherent isotropic background
o Isobars: (77)s_waves f,(980), p(770), £,(1270), £,(1500)
and p5(1690)

couys's
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Intr ion PWA of 7~ T 7w~ system
Search for spin-exotic mesons in 77— dlﬂractlon PWA of 7 from final states
arch fol eba C iction PWA of 7~ ~ decay channel

PWAof m~p — 7~ 7T+ 7T Pslow

Summary

@ Data described by model consisting of 52 waves
+ incoherent isotropic background
o Isobars: (77)s_waves f,(980), p(770), £,(1270), £,(1500)
and p3(1690)

V.

Understanding of small waves is work in progress

@ Intensity in spin-exotic 1~ 1" [p7t| P wave

o Interpretation in terms of resonances still unclear
@ Significant contributions from

. Tlpe T
non-resonant Deck-like processes ™™ \Iﬂ’ﬁ<
7-Lv+

o Inclusion into fit model B

— 7T

@ Exploit t'-dependence of

c : P
partial-wave amplitudes

Target —™ ™ Recoil

o PWA in narrow m -+ .- and
t' bins
@ Improvements of wave set and isobar parameterization

COMEASS
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PWA of 7t
Search for spin-exotic mesons in 77— diffraction PWA of 7 and — from final states
PWA of m™ 7 T 7t~ decay channel

PWA of 77 p — 7T 1 psiow @nd 7t~ 17’ Pslow

Selection of exclusive events with 3 charged tracks + 2 photons

@ Kinematic range 0.1 < t' < 1.0 (GeV/c)?

@ 17 reconstructed from y — 7wt 7T’

77 invariant mass distribution
x10°

COMPASS 2008

100 p — TATYYp

80)

entries / 0.5 MeV

60)

40

20

P S S T e s I L
00 0.1 02 03 04 05 06 07 08 09 1

m(yy)
COMP
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PWA of 7t
Search for spin-exotic mesons in 77— diffraction PWA of 7 and — from final states
PWA of m™ 7 T 7t~ decay channel

PWA of 77 p — 7T 1 psiow @nd 7t~ 17’ Pslow

Selection of exclusive events with 3 charged tracks + 2 photons

@ Kinematic range 0.1 < t' < 1.0 (GeV/c)?
@ 17 reconstructed from y — 7wt 7T’

@ 7’ reconstructed via 71" 71 7 decay with 7 — 7y

77 invariant mass distribution 7t 7t~y invariant mass distribution
x10° . x10
Z COMPASS 2008 2 f COMPASS 2008
= 100~ Tp - TUTYYp S F Tp - TTTMP
g r 5 E wlo acceptance correction
< 80— S 10
3 + o |-
E L ‘g r
5 60— 5 &
n S F
L — 6
40~ = f
L E 4=
20~ % n
L K ZTJ
2 T
0\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\ | L © 07 cocn b b e b L T L
0 01 02 03 04 05 06 07 08 09 | 1 15 2 25 3 35 4 45

m(yy) m(rm) [GeV]
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PWA of 7~ "t~ system
Search for spin-exotic mesons in 77— diffraction PWA of =7 and 7~ /' from final states

PWAof m~n™ i~ ™~ decay channel

PWA of 77 p — 7T 1 psiow @and 77~ 1’ Psiow

7ty invariant mass distribution
2><]03

COMPASS 2008
wp = anEatnd)p

Ww/o acceptance correction

entries / 4 MeV
&

PRI BRI Mo iz + L

L
1 15 2 25 3 35 4 45
m(mn) [GeV|

(=}

@ 77 7: dominant a,(1320)

couys's
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oduction PWA of 7 T s\/xtem
Search for spin-exotic mesons in 77— diffraction PWA of L 1] and 7~ 1’ from final states
Search fc alar glueballs in central production T T T~ decay channel

PWA of 77 p — 7T 1 psiow @nd 7t~ 17’ Pslow

7ty invariant mass distribution 74 invariant mass distribution
x10°
> COMPASS2008 | % COMPASS 2008
= 18- wp—amnatp| = 6005 Tp - TN ET YYD
T 16 wlo acceptance correction 5 r wlo acceptance correction
3 4i > 500
=) E RO L
5 12F £ 4001
I 300
0.8; C
0.6/ 200
0.4? IOOf
02 £
= L ey " . . ! P O B PO AP NP
1 15 2 25 3 35 4 43 L5 2 25 3 35 4 45 5
m(mm) [GeV| m(nn’) [GeV]

@ 77 7: dominant a,(1320)

@ 77 77': dominant broad structure around 1.7 GeV/c? and a,(1320)
close to threshold

COMEASS
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PWA of
Search for spin-exotic mesons in 77— PWA of from final states

Search fc alar glueballs in central productio PWA of 7 ~ decay channel
PWAof m~p — - and 7t~ 1’
4 1 Psiow " Pslow

7ty invariant mass distribution 7t~y invariant mass distribution

x10°
z % COMPASS2008 | % COMPASS 2008
= 18 xp = an@Eatdp| = 600 np = TN @YY
j 1. wlo acceptance correction 8 wlo acceptance correction
3 14 > 500
3 1 8
£ 12 £ 400

300
200

100)

AT BRI i Shn e " . 1 P P IR R BT
1 15 2 25 3 35 4 45 3 35 4 45 5
m(m) [GeV| m(m’) [GeV]

@ 77 7: dominant a,(1320)
@ 77 77': dominant broad structure around 1.7 GeV/c? and a,(1320)
close to threshold
@ Bulk of data described by 3 partial waves
e 1-T1%, 27+ 1%, and 4T F 1t

couys's
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PWA of 7t
Search for spin-exotic mesons in 77— diffraction PWA of
PWA of 77~

PWA of 77 p — 7T 1 Psiow @and 77~ 1’ Psiow

4,(1320) in 27+ 1* Partial Wave
7t final state

717’ final state

_ x10° x10°
2 0.14F . > C
= £ S
g 012 . COMPASS 2008 S COMPASS 2008
S qi Tp>ANp N Tp > TP
s |
2 0085 ' 2
=) = 12
= C 2
5 0.04F g Hy
g T F S I
a 0.02F . o ‘H”,MH
. Y
(U AN ST TR T M IR AN A S o B B B A S I B
08 1 12 14 16 1.8 2 22 24 26 28 12 14 16 18 2 22 24 26 28
m [GeV] m [GeV]
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PWA of 7t
Search for spin-exotic mesons in 77— diffraction PWA of 7 and — from final states
PWA of m™ 7 T 7t~ decay channel

PWA of 7t p — 7T 1 psiow @nd 7t~ 17’ Pslow

4,(1320) in 27+ 1* Partial Wave
7t final state

-y’ final state

_ x10° x10°
2 0.14F . % 5 }
= £ s [
g o012f . COMPASS 2008 S 4 * COMPASS 2008
I ool Tp>aNp Ik TpoTNp
o 5 3 ‘
& 0.08F 2 r
= F = f *m\iww i
Z 005 2o Oy
2 004f g F i
= E = 1+ thy
o 002 . a  F AMTAN
..... . C O‘Q
0:“‘ | NN AT A B I T Loy 0:"‘““‘“““‘“““““““““““‘
08 I 12 14 16 18 2 22 24 26 28 12 14 16 18 2 22 24 26 28
m [GeV] m [GeV]

1-n’ mixing together with OZI rule

@ Partial-wave amplitudes for spin | related by mixing angle ¢,
phase space, and barrier factors (3 = breakup momentum)

4 / 1/2
T (m) 7 ()]

]
]
———— = tan

/" (m) ¢ gim)

COMEASS
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PWA of 7t
Search for spin-exotic mesons in 77— diffraction PWA of 77 11 and T )] from final stales
PWA of 7t T

PWAof T~ p — 7t 1 psiow @and 7t~ 17’ Pslow
4,(1320) in 27+ 1* Partial Wave
7t final state

717’ final state

_ x10° x10°
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PWA of 7t
Search for spin-exotic mesons in 77— diffraction PWA of =7 and 7~ /' from final states
PWA of m~ ™ T decay c nel

S 30F

] E

= £ H
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D, Intensity [Events / 40 MeV]

arg(G /D,) [deg]

Search for spin-exotic mesons in 77— diffraction

COMPASS 2008
Tp =>7TN'p
Tp — TN p (scaled)

o““’oiu
¢ ”nli I N

N .
2 22 24 2.6 2A8
m [GeV]

Phase: 4T+ 1T —21t+ 1+t

oty

4 “ COMPASS 2008
R Tp =N
. Tp - 7N

@
=]

Il Il Il Il
22 24 26 28
m [GeV]

| I
12 14 16 18 2

PWA of 7t
PWA of 77 11 and - ,] from final states
PWA of 7t T e

x10°
T
<§f o | COMPASS 2008
Z  sE Tp -
g E Tp — T (scaled)
a4
m M
: 2 A Wm RN
0;‘}{‘ e L b

P B B
22 24 26 28
m [GeV]

A
1.2 14 16 18 2

@ Very similar even-spin waves

@ Expected for ni resonances
(OZI rule)

@ Similar physical content also

in non-resonant high-mass
region

COMEASS
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PWA of 7t
Search for spin-exotic mesons in 77— diffraction PWA of
PWA of 7

: | :

s b i COMPASS 2008 § 30 COMPASS 2008

> L Tp = 7TN'p -~ Tp—>TN'p

2 20 Tp — TN p (scaled) z 25 Tp — TN p (scaled)
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Phase: 2T+ 1t —1-t1*%

@ Completely different

g o W»"“C“O‘J;A*Su&m intensity of 1~ wave
& -S04 SRR, o p — T . .
Soop I Bl @ Suppression in 7177 channel
5 . iyt ' i .
o il | I ’ predicted for intermediate
250+ H |g9gg) state
-300(-
3505 "'M }HMH \ @ Different phase motion in
112 1,‘4 116 I.‘S 2 22 24 216 2.8 1.6 GeV/c reglon

m [GeV COMEASS
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~ system
PWA of 7~ — 1/ from final states
Tt~ decay channel

PWA of 1= p — 7T 1 Psiow and 77~ 1’ Psiow

@ Found significant intensity in spin-exotic 1~ wave in 7ty and 7y’

@ 2% and 4" waves very similar in both channels

@ 1~ wave enhanced in 7t

o COMBASS
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Intrc on PWAof 1~ m™ 7t~ system
Search for spin-exotic mesons in dlﬂractlon PWA of 7~ 7 and 77—’ from final states
Searcl c T decay channel

PWA of 7= p — 7T 1] Psiow @nd 7T~ 1’ Psiow

@ Found significant intensity in spin-exotic 1~ wave in 7ty and 7y’
@ 2% and 4" waves very similar in both channels
@ 1~ wave enhanced in 7t

@ First mass-dependent fits describe data in terms of Breit-Wigner
resonances and backgrounds

e 1,(1320) and a,(2040) resonance parameters consistent in both
channels

o Description of 1~ wave by Breit-Wigner requires large interfering
background and additional 2" resonance

A COMEASS
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Intrc on PWAof 1~ m™ 7t~ system
Search for spin-exotic mesons in dlﬂractlon PWA of 7~ 7 and 77—’ from final states
Searcl c T decay channel

PWA of 7= p — 7T 1] Psiow @nd 7T~ 1’ Psiow

Found significant intensity in spin-exotic 1~ wave in 7ty and 77’
2** and 471 waves very similar in both channels

1~ wave enhanced in 7t’

First mass-dependent fits describe data in terms of Breit-Wigner
resonances and backgrounds

e 1,(1320) and a,(2040) resonance parameters consistent in both
channels

o Description of 1~ wave by Breit-Wigner requires large interfering
background and additional 2" resonance

@ Resonance interpretation of 1~ wave requires

o Better understanding of resonance structure of 27+ and 4" waves
o Inclusion of non-resonant contributions from double-Regge
processes in high-mass region

A COMEASS
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Intrc on PWAof 1~ m™ 7t~ system
Search for spin-exotic mesons in dlﬂractlon PWA of 7~ 7 and 77—’ from final states
Searcl c T decay channel

PWA of 7= p — 7T 1] Psiow @nd 7T~ 1’ Psiow

@ Found significant intensity in spin-exotic 1~ wave in 7ty and 7y’

Non-resonant contributions

nl;eam T f;st nl;eam 17
P a
n T
P P
ptarget Pslow ptarget Pslow

v

@ Resonance interpretation of 1~ wave requires
o Better understanding of resonance structure of 27+ and 4" waves
o Inclusion of non-resonant contributions from double-Regge
processes in high-mass region

o COMBASS
R A
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Intrc on PWAof 1~ m™ 7t~ system
Search for spin-exotic mesons in dlﬂractlon PWA of 7~ 7 and 77—’ from final states
Searcl c T decay channel

PWA of 7= p — 7T 1] Psiow @nd 7T~ 1’ Psiow

Found significant intensity in spin-exotic 1~ wave in 7ty and 77’
2** and 471 waves very similar in both channels

1~ wave enhanced in 7t’

First mass-dependent fits describe data in terms of Breit-Wigner
resonances and backgrounds

e 1,(1320) and a,(2040) resonance parameters consistent in both
channels

o Description of 1~ wave by Breit-Wigner requires large interfering
background and additional 2" resonance

@ Resonance interpretation of 1~ wave requires

o Better understanding of resonance structure of 27+ and 4" waves
o Inclusion of non-resonant contributions from double-Regge
processes in high-mass region

Final goal: combined analysis of both channels

A COMEASS
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PWA of
m final states
decay channel

First mass-dependent PWA of this reaction

@ Light-meson frontier: access to mesonic states in 2 GeV/c? region
@ Little information from previous experiments

couys's
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In tion system
Search for spin-exotic mesons in 77— diffraction rom final states
Search for scalar glueballs in central production PWA of 7~ 77~ 7w 1~ decay channel

PWAof mPb — w7t Pb

Theam ~—a__ X~ % 77%
x

P 7T

Pb—"" Db

First mass-dependent PWA of this reaction

@ Light-meson frontier: access to mesonic states in 2 GeV/c? region
@ Little information from previous experiments
Data from pilot run
@ Pb target
@ Recoil not measured
@ Kinematic range t' < 51073 (GeV/c)?

<

COMEAS

7
. 7o
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Intr tion
Search for spin-exotic mesons in 77— diffraction 7 from final states
Search fo gl s ir production ~ decay channel

PWAof mPb — w7t Pb

Fit model

@ Complicated isobar structure

e Large number of possible waves
o Data exhibit no dominant waves

CUM;ASS
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m
from final states
7"t~ decay channel

PWA of Tt~ Pb—>7r 71*71 ttt Pb

Fit model

@ Complicated isobar structure

e Large number of possible waves
o Data exhibit no dominant waves
@ Exploration of model space using evolutionary algorithm based
on goodness-of-fit criterion
o 284 waves tested
o Also provides estimate for systematic uncertainty from fit model

COMEASS
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Intre PWA of ~ system
Search for spin-exotic mesons in diffraction PWA of ! from final states
S [¢ cen c PWAoOf 7~ Tt ™ decay channel

PWAof mPb — w7t Pb

Fit model

@ Complicated isobar structure

e Large number of possible waves
o Data exhibit no dominant waves

@ Exploration of model space using evolutionary algorithm based
on goodness-of-fit criterion

o 284 waves tested
o Also provides estimate for systematic uncertainty from fit model

@ Best model: 31 waves + incoherent isotropic background

CUM;ASS
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PWAof 7= n" ™ system
Search for spin-exotic mesons in 7T PWA of 7~ 7 and 7~ 5’ from final states
Search for scalar glueballs in centr PWAof 7~ 7t m— 71— decay channel

PWAof mPb — w7t Pb

Fit model

@ Complicated isobar structure

e Large number of possible waves
o Data exhibit no dominant waves
@ Exploration of model space using evolutionary algorithm based
on goodness-of-fit criterion
e 284 waves tested
o Also provides estimate for systematic uncertainty from fit model

@ Best model: 31 waves + incoherent isotropic background
@ Isobars
o (27)% isobars: (7177)s_wave, 0(770)

o (37)* isobars: a,(1260), a,(1320)
o (47m)isobars: f,(1270), f,(1285), f,(1370,1500), and p’(1450, 1700)

@ Only few information available for (47)° isobars

CUM;ASS
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PWA of 7~
PWA of 7~ 7

PWA of 7~ Pb — 7t 7t* 7t~ 7t~ Pb

0—+7~f,(1500) S

0~*pa;(1260) S
1++ 5~ 1 (1370) P
1+ 5= £,(1285) P
1++ pr(1300) S
17+ (nm)sa D

21~ H(1270) S A~ W
2-*pa(1260)S  H* i ‘A\f‘" )

LR
AN A

L

LR

2+ pay(1320) S Y e e
T, )
2—+pa; (1260) D sl 0 b
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PWA of m
Search for spin-exotic mesons in 77— diffraction PWA of d rom final states
+

PWA of 7 71— decay channel

PWAof mPb — w7t Pb

COMPASS 2004

" Pb > nn*nntn Pb

Boris Grube, CERN
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Introduction system
Search for spin-exotic mesons in 77— diffraction from final states
Search for scalar glueballs in central production PWA of 7~ it 7t 7t decay channel

PWAof mPb — w7t Pb

Proof of Principle: First mass-dependent five-body PWA

@ Spin-density sub-matrix of 10 waves described using 7 resonances
+ background terms
@ Rather simplistic fit model

o Parameterization by sum of relativistic constant-width Breit-Wigners
e Mixing and coupled-channel effects neglected
e Multi-peripheral processes (Deck-effect) not taken into account

@ Good description of data

COM;ASS
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In PWA of 7 T system
Search for spin-exotic mesons in 77— diffraction PWA of 7~ 7 and 7~ 5’ from final states
Search for scalal eballs in cent tion PWAoOf 7~ Tt ™ decay channel

PWAof mPb — w7t Pb

Proof of Principle: First mass-dependent five-body PWA

@ Spin-density sub-matrix of 10 waves described using 7 resonances
+ background terms
@ Rather simplistic fit model
o Parameterization by sum of relativistic constant-width Breit-Wigners
e Mixing and coupled-channel effects neglected
e Multi-peripheral processes (Deck-effect) not taken into account

@ Good description of data

Work in progress

@ Much more data on tape
o Proton target, kinematic range 0.1 < #' < 1 (GeV/c)?
@ Improvement of fit models

o Analysis of (477)? subsystem

CUM;ASS
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PWA of 7 71— system
Search for scalar glueballs in central production

Outline

e Search for scalar glueballs in central production
@ PWA of r" 7t~ system

L‘om}s's

28 Boris Grube, CERN Hadron Spectroscopy at v



Introd!
Search for spin-exotic mesons in diffr PWA of 7t 71— system
Search for scalar glueballs in central production

PWA of PP — Plast wh Pslow

Pbeam Prtast
P X0 Tt
pl Ui > -

Ptarget Pslow

Search for glueballs

@ Mesonic state with no valence quarks

@ Lattice QCD simulations predict lightest glueballs to be scalars

e Strong mixing with conventional scalar mesons expected
o Difficult to disentangle

@ Pomeron-Pomeron fusion well-suited to study scalar mesons

@ Mesons produced at central rapidities

coM;gs‘s
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PWA of 7t 7n— system

Search ior scalar gluebal\s in central production

PWA of PP — Plast wh Pslow

Pbeam Prast

7-[+

Ptarget Pslow

Prast’" invariant mass Pfast’T invariant mass
5 B 014310
S B COMPASS 2009 2 i COMPASS 2009
H - PP =PI P, - PP PTT P,
E W33 (~ 30% of ”009) 2 : W3, 30% of 2009)
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V.
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Intr on
earch for spin-exotic mesons in diffraction PWA of 7t 71— system
Search for scalar glueballs in central production

PWA of PP — Plast wh Pslow

Pbeam Prast
P Tt

pl U ™«

Pslow

xr distribution 71T 7T invariant mass
x10°

o

Entries

COMPASS 2009
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PWA of 7zt 7

Search for scalar glueballs in central production

PWA of PP — Plast wh Pslow

~ system

5 S . b
v
% 0 imting | ]
2LEN p o~ wd
Soh b ™ Ly, A
3 3 ] s A o
£ ,«q,/lﬁ At g
H B PO
\ Wl e
Invariant Mass of 7' (GeVieh) K0 o a
i~ o) ‘ - | 1.6] 3] . 4
2 by a“ P P M 1 ,-aw\sié | e 6?
] 2 st ¢ o ™
2 gy 0 et G A s )
Y o g | ]
1 0} 9
i 04] 1
Tnvariant Mass of T (GeVie™) 10 d
: P, [ P iy
2 I i YR *ﬁ
-1 0.4
]
b
{
"
10 ™ Invariant Mass of % (GeVic®)
R P3| e N ; 2 Ry
2 o b 1 [y N 2 v 6 Py m}“%
. ‘M,‘ 2 B !
S & o =z | 2
2 ) o ] 1
£ \ £
E 2 £
10f 1 E

Tnvariant Mass of T2 (GeV/e?)

[T
n

COMPASS 2009

pp—>p'T P

D]

Boris Grube, CERN

Invariant Mass of 2% (GeV/e?)

[ERET
m

H;

[

v (C-COMPASS

adron Spectroscopy at

o8



arch for spin-exotic mesons in tion PWA of 7t 71— system
Search for scalar gluebal\s in central production

PWA of pp — Prast T 7T Psiow

Work in progress

@ Analysis similar to WA102 experiment
o Comparable results
@ Simplistic fit model

e Angular information of the two proton scattering planes not taken
into account

@ 8 different mathematically ambiguous solutions
o Additional constraints needed to select physical solution

COMEASS
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n
Search for spin-exotic mesons in n PWA of 7 71— system
Search for scalar glueballs in central production

PWA of PP — Ptast T Pslow

Work in progress

@ Analysis similar to WA102 experiment

o Comparable results
@ Simplistic fit model

e Angular information of the two proton scattering planes not taken
into account

@ 8 different mathematically ambiguous solutions
o Additional constraints needed to select physical solution

v

@ Fit of mass dependence

@ Analysis of K"K™ final state

@ Data for KIK?, 7°7°, and 7y final states on tape

4
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Conclusions and Outlook

@ COMPASS has large data sets for many final states
o Diffractive 71~, K=, and p dissociation on various targets
o Central production with 77~ and p beam
o 717 and K~y Primakoff reaction

am;g&s
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Conclusions and Outlook

@ COMPASS has large data sets for many final states

o Diffractive 71~, K=, and p dissociation on various targets
o Central production with 77~ and p beam

o 717 and K~y Primakoff reaction

]PC

@ Main focus on |**~-exotic mesons and glueballs

o Pilot run: significant [’C = 1+ signal consistent with 7, (1600) seen
in 7r-7t" 7t~ data on Pb target PRL 104 (2010) 241803

o Detailed study of 77 7t* 7r~ final state on p target

o Significant 1~ signal also in 77t~ and 57t
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@ COMPASS has large data sets for many final states

o Diffractive 71~, K=, and p dissociation on various targets

o Central production with 77~ and p beam

o 717 and K~y Primakoff reaction
@ Main focus on J7C-exotic mesons and glueballs

o Pilot run: significant [’C = 1+ signal consistent with 7, (1600) seen
in 7r-7t" 7t~ data on Pb target PRL 104 (2010) 241803
Detailed study of 77~ 7t* 77~ final state on p target
Significant 1~ signal also in 777t~ and /7t
First mass-dependent 7r 77" 7t 7t* 71~ PWA in diffractive production

Search for scalar glueballs in central production of 77777~ and K*K~
Further channels under analyses

@ K diffraction into K~ 7t 7t~
o 7 diffraction into 7t~y (mKK) ™, ...
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Conclusions and Outlook

@ COMPASS has large data sets for many final states

o Diffractive 71~, K=, and p dissociation on various targets
o Central production with 77~ and p beam

o 717 and K~y Primakoff reaction

]PC

@ Main focus on |**~-exotic mesons and glueballs

o Pilot run: significant [’C = 1+ signal consistent with 7, (1600) seen
in 7r-7t" 7t~ data on Pb target PRL 104 (2010) 241803
Detailed study of 77~ 7t* 77~ final state on p target

Significant 1~ signal also in 77t~ and 77t

First mass-dependent 7r 77" 7t 7t* 71~ PWA in diffractive production

Search for scalar glueballs in central production of 77777~ and K*K~
Further channels under analyses

@ K diffraction into K~ 7t 7t~
o 7 diffraction into 7t~y (mKK) ™, ...

COMPASS is a unique apparatus to study light-quark hadron
spectroscopy and chiral dynamics

v
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COMPASS Il Timeline

Proposal CERN-SPSC-2010-014

2012 Primakoff Reaction 7, K + 7y
@ 7, K polarizability
@ Chiral anomaly

@ Spectroscopy

COM;ASS
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COMPASS Il Timeline

Proposal CERN-SPSC-2010-014

2012 Primakoff Reaction 7, K + 7y

@ 7, K polarizability

@ Chiral anomaly

@ Spectroscopy

2014 Drell-Yan

@ 7T beam on polarized target
@ TMDs
@ Sign of Sivers PDF
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COMPASS Il Timeline

Proposal CERN-SPSC-2010-014

2012 Primakoff Reaction 7, K + 7y

@ 7, K polarizability

@ Chiral anomaly

@ Spectroscopy

2014 Drell-Yan

@ 7T beam on polarized target
@ TMDs
@ Sign of Sivers PDF

2015-16 Deeply Virtual Compton Scattering

@ y beam on (unpolarized) /H target

@ Generalized PDFs
CUM;ASS
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Introduction
Search for spin-exotic mesons in 7~ diffraction
Test of chiral dynamics

Backup slides
Backup slides Il

Meson Production in Diffractive Dissociation

Reaction similar to diffraction of light by black disk

0
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Introduction
Search for spin-exotic mesons in 7~ diffraction
Test of chiral dynamics

Backup slides
Backup slides |1

Meson Production in Diffractive Dissociation

Reaction similar to diffraction of light by black disk
@ Relevant kinematic variable is squared four-momentum transfer
t = (Pbeam — Px)? < 0; more practical #' = [¢| — [¢| ;. >0
o “Intermediate-t'” region: diffraction pattern of Pb nucleus

t' € [0,0.1] (GeV/c)?

5 | 05’ COMPASS 2004
E F TPb —» T tPb
g f
510"5*
< B
10°=
102wuw\wuw\wuw\uu\uu\uu\uu\uu\uu\uu 9
0 0.010.02 0.030.04 0.05 0.06 0.07 0.08 0.09 0.1

Momentum Transfer t (GeV%/c?) )
COMPASS
- N A
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Introduction
Search for spin-exotic mesons in 77~ diffraction

up slides
! Test of chiral dynamics

Meson Production in Diffractive Dissociation

Reaction similar to diffraction of light by black disk
@ Relevant kinematic variable is squared four-momentum transfer
t = (Pbeam — Px)* < 0; more practical t' = |t| — [t| .. > 0
@ “Intermediate-t'” region: diffraction pattern of Pb nucleus
o “High-t'” region: scattering on individual nucleons in nucleus

/
t' €[0,0.1] (GeV/c)? t' € [0.1,1] (GeV/c)?
5 o | COMPASS2004 | 5 | COMPASS 2004
E; B nPb - TP 5; ©Pb — ww'Pb
g [ 5 10
2 N
g 10t 3 -
z B z f
10°=
F 107
) T A W NS NN N N N A S Coonalaaana oo b beana oo b s biaaalaian
10O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.1 02 03 04 05 06 07 08 09 1
Momentum Transfer t’ (GeVz/cz) Momentum Transfer t’ (GeVz‘ N
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Introduction

Backup slides spin es 7t~ diffraction

Gottfried-dackson Coordinate System

e LAB
L‘om}s'g
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Backup slides
Back slides 1

Partial-Wave Analysis Formalism

Cross section parameterization in mass-independent PWA

N, |waves &
o(tmx) =} ) | X Ti(mx) A (7)
e==+1 r=1 i

@ ¢,i: quantum numbers of partial wave (J*C M€ |isobar|L)
@ T¢: complex production amplitudes; fit parameters

@ Af: complex decay amplitudes

@ T: phase space coordinates

<

Spin-density matrix

N; waves
o= Y TETS  o(mmx)= Y Y. pf(mx) AS(1) AS*()
r=1 e==£1 ij

@ Diagonal elements p;;: intensities
o Off-diagonal elements p;;, i # j: interference terms

v

L‘UM;ASS

40 Boris Grube, CERN Hadron Spectroscopy at Gl



Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Partial-Wave Analysis Formalism

Two-body decay amplitude in helicity formalism

o Decay X(wl ]/ )\) — 1(]1//\1) [L/ S] 2(]2/ )\2)

A = VILF1 Y (id Jo—AalS6) (LO S]] 6)
AAz
D}5(6,9,0) F(q) A(w) A 42
= )\l — Az
° D/I{; (6, ¢,0) — Wigner D-function describes rotational properties
of helicity states
@ 0,¢ — polar angles of decay daughter 1 in X rest frame (GJ or
helicity frame)
@ F;(q) — Blatt-Weisskopf barrier factor
@ A(w) — amplitude that describes resonance shape of X
® A, — decay amplitudes of (unstable) daughter particles 1 and 2

v
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Partial-Wave Analysis Formalism

Two-body decay amplitude in canonical formalism

° Decay X(wr ]/ M) — 1(]1/ Ml) [Lr S] 2(]2/ MZ)

AR = 2] +1 Y (i M1 ]2 Ma|SMs) Y (L My S Ms|] M)

M;q,Mp My

\/EYML(H ¢) FL(q) A(w) A1 A,

° YI{;IL (6, ) — Spherical harmonic describes rotational property of
|L M) state

@ 6,¢ — polar angles of decay daughter 1 in X rest frame (reached
by simple boost, no rotations)

@ F;(q) — Blatt-Weisskopf barrier factor

@ A(w) — amplitude that describes resonance shape of X

@ Aj, — decay amplitudes of (unstable) daughter particles 1 and 2

V.
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Backup slides
Back slides 1

Partial-Wave Analysis Formalism

Extended maximum-likelihood method

o Likelihood L to observe N events distributed according to
o(t;my) and acceptance Acc(t;myx)

o [ s] [ stumo
N! | n=1 /dTO'(T;mx)ACC(T;mx)

Poisson likelihood
Likelihood of event n

with N « /dT o(t;my) Acc(T; my)
N N 1
Lo |~ N | ‘T(T;mx)]
[ o ] [NN Lt

N
Loce Jdt o(tmx) Acc(t;my) H O'(Tn;mX)
n=1

V.
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Partial-Wave Analysis Formalism

Extended maximum-likelihood method (cont.)
@ Insert parameterization of cross section for o (,; mx)

N N, 2
Loxe e H Z Z Tr,wave(mX) Awave(Tn; mX)

n=1r=1 |waves

@ Make expression less unwieldy by taking logarithm

2
N N,
Inl = 2 In E Z Ty wave (Mx) Awave (Tu; Mx)
n=1 r=1 |waves

- /d’l’ o(t;mx) Ace(t; my)

Normalization integral

@ Normalization integral estimated using phase space Monte Carlo

v
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Backup slides

7ttt Final State

Acceptance (p Target)

Introduction
Search for spin-exotic mesons in 77— diffraction
Test of chiral dynamics

71~ 7wt 7T mass

COMPASS 2008
Tp - TIT'p
0.1Gev? <t < 1.0 Gevi/c?

0| N S PN NS PRI N AN AN AR
06 08 1 12 14 16 18 2 22

2 24
Massof T Tt Tt System (GeV/c?)

71t 7T mass

acceptance

COMPASS 2008
TIp - TP
0.1GevZc <t < 1.0 Gev’/c?

J I NI S

= R I IR B
8.4 0.6 0.8 1 12

Mass of 17 Tt Subsystem (GeV/c?)

COMEASS
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Backup slides

7ttt Final State

Acceptance (p Target)

Introduction
Search for spin-exotic mesons in 77— diffraction
Test of chiral dynamics

Gottfried-Jackson frame: cos fj

‘COMPASS 2008
Tp - mrep
016V <t <10Gevic

%

I L L
08 06 -04 02 0 02 04 06 08 1
080,

R

Helicity frame: cos 0yp

E COMPASS 2008
£ Ttp — TP
01Gev <t < 10 Gevic?

el bl L
06 06 04 02 0 02 04 06 08 1
cos 8,

COMPASS 2008
o Tip - TP
o 01GeAE <t <10GaE
o
0.
0.
] U U ————
o. E
025
015
E L L L L L L
150 100 50 0 50 100 150
[

Helicity frame: gpr

% 'COMPASS 2008
0 T — Trep
g o 01GeVIE <t < L0Gavic
0.
o
[
Bt e e |
o
0.
0.
0.
I | & | & |
150 100 50 0 100 150
@,

i
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Introduction
Search for spin-exotic mesons in 77— diffraction
Test of chiral dynamics

Backup slides

n'7t~ Final State

cos 0y vs. 7' 7t~ Invariant Mass

COMPASS 2008
" Teagpo TN

W/0 acceptance correction
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Backup slides
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Introduction

Chiral Perturbation Theory (xPT) in a nutshell

@ QCD Lagrangian chiral symmetric in limit 2, 4 — 0
@ Leads to degeneracy of ¥ = 0~ and 0" states

o Not observed

WV,
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Backup slides
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Introduction

Chiral Perturbation Theory (xPT) in a nutshell
@ QCD Lagrangian chiral symmetric in limit 2, 4 — 0
@ Leads to degeneracy of ¥ = 0~ and 0" states
o Not observed
@ Chiral symmetry of QCD spontaneously broken
o 8 massless J¥ = 0~ Goldstone bosons
@ Small u, d, and s masses

o Explicit breaking of chiral symmetry = treated perturbatively
o 8light J’ = 0~ pseudo-Goldstone bosons: 77, K, and 7

WV,

COMPASS

7
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Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics
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Introduction

Chiral Perturbation Theory (xPT) in a nutshell
@ QCD Lagrangian chiral symmetric in limit 2, 4 — 0
@ Leads to degeneracy of ¥ = 0~ and 0" states
o Not observed
@ Chiral symmetry of QCD spontaneously broken
o 8 massless J¥ = 0~ Goldstone bosons
@ Small u, d, and s masses

o Explicit breaking of chiral symmetry = treated perturbatively
o 8light J’ = 0~ pseudo-Goldstone bosons: 77, K, and 7

(]

Low-energy effective field theory with same symmetries as QCD
o C, P, T, Lorentz invariance, and chiral symmetry

Hadrons as fundamental degrees of freedom

Inner d.o.f. “condensed” into low-energy constants

Series expansion in phadron S 1 GeV/e

~

Model-independent approach to describe interaction of mesons

© ©6 66 ¢

WV,

COMPASS

7
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Introduction
Search for spin-exotic mesons in 7~ diffraction
Test of chiral dynamics

up slides
des Il

Chiral dynamics in Ty — 7t 't

Pb target: Production mechanism depends on t’ region

@ t €[0.1,1] (GeV/c)?: scattering on individual nucleons in nucleus

"€ [0.1,1] (GeV/c)?
[ COMPASS 2004

TPb —» nwwtPb

Number of Events
S,

0.1 02 03 04 05 06 07 08 09 1
Momentum Transfer t* (GeVZ/c?)

COMEASS
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Introduction
Search for spin-exotic mesons in 77~ diffraction
Test of chiral dynamics

up slides
des Il

Chiral dynamics in Ty — 7t 't

Pb target: Production mechanism depends on t’ region

@ t €[0.1,1] (GeV/c)?: scattering on individual nucleons in nucleus
@ For ' < 0.01(GeV/c)?%: coherent scattering on Pb nucleus

"€ [0.1,1] (GeV/c)? ' < 0.1(GeV/c)?
:§ r COMPASS 2004 5 10{ COMPASS 2004
E TPb - ' n'Pb E o TPb - ' n'Pb
o © C
5 10°F 8 [
E g 10t
2 [ Z =
10°s
10°F F
ol b b v b b b v o b b b b b b b b e
0.1 0. 2 0 3 0. 4 0 5 O 6 0 7 0 8 0 9 1 ]020 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Momentum Transfer t* (GeVZ/c?) Momentum Transfer t’ (GeVZ/Cc;:P

49 Boris Grube, CERN Hadron Spectroscopy at /_‘



Introduction
Search for spin-exotic mesons in 7~ diffraction
Test of chiral dynamics

up slides
des Il

Chiral dynamics in Ty — 7t 't

Pb target: Production mechanism depends on t’ region

@ t' € [0.1,1] (GeV/c)%: scattering on individual nucleons in nucleus

@ For ' < 0.01(GeV/c)?%: coherent scattering on Pb nucleus

@ For t' <1073 (GeV/c)? additional contribution from reactions in
Coulomb field of nucleus

t' < 0.01(GeV/c)? t' < 0.1(GeV/c)?
2o COMPASS 2004 | & .| COMPASS 2004
> by TPb —» ' Pb 5 107k ) o
3 500F 051 <my <072[GeV/?| 5 F TPb — wwn'Pb
= o 5 L
S 400 5 < ol
B B Z Yk
< 300 i
& 200:* 10°E
100 F
O:....iummmummmummHH ; ><10'“]02mmmmm\m‘mm\mmmmH\mmm
0 1 2 3 4 5 6 7 8 9 10 0 0.010.020.030.04 0.05 0.06 0.07 0.08 0.09 0.1

t' [GeVZ/c? Momentum Transfer t’ (GeVZ/Cc;:P )
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Chiral dynamics in Ty — 7t 't

Test of xPT

@ Parameter-free prediction from xPT for 7~y — 7~ 7" 7w~ with

m3; < 700 MeV/c? Kaiser, Friedrich, EPJ A36 (2008) 181
T _
TOT B 2
- o TL‘:E__ TF+
’Y ~. T
Pb Pb

v
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics
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Chiral dynamics in Ty — 7t 't

Test of xPT
@ Parameter-free prediction from xPT for 7~y — 7~ 7" 7w~ with
m3; < 700 MeV/c? Kaiser, Friedrich, EPJ A36 (2008) 181
_ AF
Tr\; ,,V"/W, — T m T
Sw=Zl - T ~ e Sog -7
7:9 " R T _oZ.- T e EE-- T
v gl at
Pb Pb Pb Pb Pb Pb

@ Interactions in Coulomb field separable from strong background
in region t' < 1073 (GeV/c)?
@ PWA method used to extract strength of yPT amplitude as

function of ms3,;
@ Absolute cross section from beam flux measurement

e Using K- — 7 7t" 7t~ decay of beam K~ (2.4 %)

v
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Introduction
Search for spin-exotic mesons in 7t
Test of chiral dynamics

Backup slides

diffraction

First Measurement of T — 7t~ w7t~ Cross Section
PRL 108 (2012) 192001

Data confirm leading-order xPT calculation J
T L2 coMpass 2004
3 r
-~ [ ny > mrnt +
© 1.0 from nPb — wnPb
0.8 i + Fitted ChPT Intensity .
: [ --- Leading Order ChPT Prediction + ‘
0.6 ]
04+ +
0.2 i *, Full Systematic Error
E _______ o - - T.;.;.:‘mﬂ}igg@muu
0.0kLe PELY A S e e e e ERNTRR R )

T 0.45 0.5 0.55 0.6 0.65 0.7
m,, [GeV/c?]

Work in progress: analysis of 7= 77 final state

@ More sensitive to loop contributions

com}s's
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No evidence for spin-exotic 77, (1600)

com}s's

52 Boris Grube, CERN Hadron Spectroscopy at v



Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Backu \des

Charged-Pion Polarlzablllty

Electromagnetic structure of bound state

@ Charge
® Charge radius
@ Dipole polarizability

Electric polarizability Magnetic polarizability
E B

@ Higher terms (quadrupole polarizability, ... )

Prediction from xPT two-loop calculation  Gasser, lvanov, Sainio, NPB 745 (2006) 84

@ Electric polarizability T = (2.93+£0.5) - 10~* fm®

@ Magnetic polarizability /S%PT = (—2.77£05) - 104 fm®
@ Approximation: &, + B = 0

o Compare: proton polarizability a, = 12-10~* fm?

)CUM;ASQ:
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics
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Charged-Pion Polarizability

Photon-photon Radiative pion Primakoff-Compton
fusion photoproduction [Rrosess

v
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Introduction
Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics

Backup slides
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Charged-Pion Polarizability

Embed processes:

Photon-photon Radiative pion Primakoff-Compton
fusion photoproduction [Rrosess

v
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Eeaam aliths Introduction
P N Search for spin-exotic mesons in 7t~ diffraction

B Test of chiral dynamics

Charged-Pion Polarizability

How to measure pion-photon scattering?

Embed processes:

e WM v
Y ;, Cal
)
e p A n
Photon-photon Radiative pion Primakoff-Compton
fusion photoproduction process
compss
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Backup slides Introduction
- P N Search for spin-exotic mesons in 77— diffraction

Eas Test of chiral dynamics

Charged-Pion Polarizability

How to measure pion-photon scattering?

Embed processes:

@ e Y
v ;, S~
4
e p A n
Photon-photon Radiative pion Primakoff-Compton
fusion photoproduction [Rrosess
)L‘UM;ASS
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Test of chiral dynamics
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Previous Measurements of Charged-Pion Polarizability

Photon-photon Radiative pion Primakoff-Compton
fusion photoproduction process
V.
& sof \
S | pacrA ’
~, 40 - Lebedey /PI?G'?BCE)MI
o [P DM2, Mark IT
'« [ Ty
S 30
[ sigma
[ Serpukhov Filk
20 - wz-miz MAMI W' o
C } YpoyTn
E Kaloshin
10 WorT {
GIS "06F
ol b e b e e L L
1980 1985 1990 [ 1995 2000 2005 2010 2015
Donoghue year of publication
Mark IT
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Previous Measurements of Charged-Pion Polarizability

Backup slides
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Z
Photon-photon Radiative pion Primakoff-Compton

fusion photoproduction [PIHOCIESS

world avg.: 12.7£2.5

E so- x
Py L
S | PACHRA Babusci Serpukhov  0.06
~ 40 |- Lebedev _—PLUTO, DMI PACHRA  0.65
(e -
o [P 7 oM2, Mark 11 MAMI 0.10
= | o —
&0l 0.81
L Sigma —
[ Serpukhov Fil'kov (CL=0.67)
20 [ "oz MAMI 11T
L YpoYEm
F Kaloshin *
10— Yy
GIS 06 /
ol b e b e e L L L ol | P L L
1980 1985 1990 [ 1995 2000 2005 2010 2015 0 5 10 15 20 25 30 35
Donoghue year of publication GIS (2006) o -B/ 10* fm?
Mark II
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Backup slides Introduction

Backup slides II Search for spin-exotic mesons in 77— diffraction
T Test of chiral dynamics

Charged-Pion Polarizability at COMPASS

Primakoff-Compton process

@ Coulomb field of Ni nucleus
o Typical field strength at 5R; ;¢
distance: E = O(300 kV/fm)
o Charge separation
O(107° fm - e)
56 Boris Grube, CERN Hadron Spectroscopy at " 5:55.
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Charged-Pion Polarizability at COMPASS

Primakoff-Compton process

@ Coulomb field of Ni nucleus

o Typical field strength at 5R; ;¢
distance: E = O(300 kV/fm)
o Charge separation
O(107° fm - e)
@ Emission of Bremsstrahlung / e

o Scattering off equivalent — &7
photons (Weizséacker-Williams)

o Pion Compton scattering

COMEASS
N A
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Search for spin-exotic mesons in 7~ diffraction
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Charged-Pion Polarizability at COMPASS

Primakoff-Compton process

@ Coulomb field of Ni nucleus

o Typical field strength at 5R; ;¢
distance: E = O(300 kV/fm)
o Charge separation
O(107° fm - e)
@ Emission of Bremsstrahlung / e

o Scattering off equivalent — &7
photons (Weizséacker-Williams)

o Pion Compton scattering

@ Polarizability lowers Compton
cross section

@ Identify exclusive reactions at
lowest momentum transfer
< 15-1073 (GeV/c)?

COMEASS
N A
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Search for spin-exotic mesons in 7t~ diffraction
Test of chiral dynamics
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Method of Charged-Pion Polarizability Extraction

Primakoff-Compton cross section

@ Decomposition into Born-term for point-like particle and term that
depends on polarizability
dU';-[rY . dUBorn dapol

dE, ~ dE, ' dE,

@ Cross section ratio as function of x, = E+ / Epeam

2
R(x,) = dogy / dxy ~1+§’”?T 5,
¥ ~ doBor / dxy 2 Gem 1 —xy T

@ Combine extraction of polarizability with acceptance correction
R(xy) = 1 Smenstin)
op si?r{n (x v )
® Nmeas(xy) number of measured events in x, bin
o NEom(x,) number of simulated events in detector acceptance
assuming point-like particle
o Nuisance parameter ¢ fixed by R(x, = 0) =1

V.
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Control Measurement with Muon Beam

Y adalse = (0.64 & 0.5241a¢) - 1074 fm?

@ Compatible with zero

Born 3 3
Nmeas (%), Ngoa™(x) Cross section ratio R(x,)
12 1600 COMPASS 2009 = 12F \ COMPASS 2p09
21400; W Ni—p yNi g ;uu:0.6410452><10'4fm W Ni—pyNi
2 data 2 up N
S 1200 - simulation 3] C
§ E (scaled to data) : 1 }+++++ + I +% 1 ‘JF
1000 g -+ T F ﬂsﬁ‘
800 3 09F -
C -4 C
600 0sF
400 — r
E 07
200~ r
0 £ o e b e e b n 0.6 £ L L L L
04 05 0.6 0.7 0.8 0.9 0.4 05 0.6 0.7 038 09
Xy = Ey/ Bpear Xy =E/Ey

L‘oMl}SS

58 Boris Grube, CERN Hadron Spectroscopy at v



Introduction
Search for spi mesons in 7
Test of chiral dynamics

Backup slides

diffraction

|dentifying the 7= — 71~y Reaction

Exclusivity

@ AE=E;  +Ey — Epeam
@ 30000 exclusive events around AE = 0 (cf. Serpukhov ~ 7 000)
@ Resolution opp =~ 2.6 GeV

@ 77 data: non-exclusive background at negative AE

u~ 7y control data 7t~y data
Z F \ COMPASS 2009 2 2500 M COMPASS 2009
22500; W Ni—pyNi = N [ n Ni— 7y Ni
=) r datd 2 L : dat:
QY C simulation 2000 — simulation
'E 2000 — (scaled to data) ,E r (scaled to data)
= C = r
2 L S 1500 — [
© 1500 - °cTr A
E 1000 -
1000 - F
g 500
0: L b R . S SR B th i Ll L
-30 20 -10 0 10 20 30 -30 20 0 20 30
AE [GeV] AE [GeV]
couw
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n 7t diffraction

|dentifying the 7= — 71~y Reaction
Primakoff Peak

COMPASS 2009

”% 105? T (W) Nio T (W)Y Ni
s E W scaled to T
210 e
102 % 2* T e,
% wmﬁ mm
oF i g
L LR
Le 0 Ll P S R B B B R
0 0.05 0.1 0.15 0.2 0.25 0.2
q? [GeV?/cH
@ Photon-exchange peak in first bin )

COMEASS
60 Boris Grube, CERN Hadron Spectroscopy at ’



Backup slides

Search for spin-exotic mesons in 7t
Test of chiral dynamics

diffraction

|dentifying the 7= — 71~y Reaction
Primakoff Peak

§ 9000 COMPASS 2009

%‘8000} T (W) Ni—> 7 (W) y Ni
= 7000 B+ W scaled to w
o
>~ 6000
«g [t
= 5000 [— o
1) = . :&\ﬂ
o E o+

4000 | \\(\

3000 £

2000 E

1000 F "

0 S S S I I e e
0 0.1 0.2 0.3 0.4 0.5

q [GeV/c]
@ Peak at Q7 =~ 12 MeV/c (cf. beam: 190 GeV/c)

o Requires few-nrad angular resolution

@ First diffractive minimum on Ni nucleus at Q ~ 190 MeV/c

com}s's
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Charged-Pion Polarizability at COMPASS

After background subtraction

Born i i
Wiy NEZ o) i Cross section ratio R(x)
3 2000/ COMPASS 2009 = 12r S COMPASS 209
S 2200 T Ni—> 7w yNi 5 :an:l.9i0.7><10'4fm T Ni—> 7wy Ni
2000 data < LI
= 1800 - simulation B3] L
§ 1600 (scaled to data) ~ e + JF
B © L+ +
1400 £ = E 1
1200 - g %
1000 | S
800 |- * 08
600 C
400 071
200 C
ok ! 1 Y] S E I E I R Rl A
0.4 05 0.6 0.7 0.8 0.9 0.4 0.5 0.6 0.7 0.8 0.9
X9 =Ey/ By, %= BBy,
L‘oMl}SS
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Charged-Pion Polarizability at COMPASS

After background subtraction

0.14

0.12

0.

0.08

background fraction

0.06

0.04

0.02

Background fraction

C COMPASS 2009
r T Ni— 7y Ni
i&—k +
O ++ .

g et
[ 4

E 1 1 1 1 1 1 1 1 1
4045 05 055 06 065 07 075 08 085 09

Xy

‘beam

Cross section ratio R(x)

= t2r COMPASS 2009
5 Fo,=19%07x10*fm® T Ni>TyNi
1.1—
3 F
N _ + .+
% £ + 1
E 09—
&~ C
0.8
0.7
0.6:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
0.4 0.5 0.6 0.7 0.8 0.9
Xy =E/Eeim
L‘oMl}SS
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Charged-Pion Polarizability at COMPASS

After background subtraction

Background fraction Cross section ratio R(xy)
~ 12
8 o4 COMPASS 2009 = s s COMPASS 2D09
Tk m Ni—myNi £ [o=19+07x10%fm 7T Ni— 7y Ni
£ onf s L
ER 8
g ol L + .+
2 osk s f ‘
S 0.08[— + S ok T
o .
—— a r
006  —— 4= C
r T [ ++++ 0.8
0.04 - . F
002 07 ;* +
0: ; ' : L L L L L L 06: P R EAIEIN RS
04 045 05 055 06 065 07 075 08 085 09 0.4 0.5 06 07 08 0.9
Xy =B/ By xy=EJ/E

Preliminary result

e = (1.9 £ 0.7ga £ 0.85y5) - 10~ fm?
@ Determined under assumption a,; + S = 0

@ Systematic uncertainty from sources common to pions and muons
~ 0.6-10~* fm’
COMEASS

62 Boris Grube, CERN Hadron Spectroscopy at /_‘




Backup slides

on
for spin-exotic meso
Test of chiral dynamics

ns in 7t

Charged-Pion Polarizability at COMPASS

world avg.: 12.7£2.5

diffraction

< | pachra Babusci Serpukhov  0.06
— L abusci
~ 40 Lebede)’ _—PLUTO, DMI PACHRA 0.65
@ [ vy /DMz, Mark 1T MAMI 0.10
' [ Yo 0381
B 30— -
[ Sigma -
[ Serpukhov Fil'kov (CL=0.67)
20 - 1Z->myZ MAMI ToT
C Yp=YIn [y
F Kaloshin {-I
10~ ! o
GIS "06F z==
OT\HH\‘Hml/!‘mH‘\HH\HH\HHM L ol L P L L
1980 1985 1990 / 1995 2000 2005 2010 2015 [ 5 10 15 20 25 30 35
Donoghue year of publication GIS (2006) o - Bn/ 10 fm*
Mark IT

Boris Grube, CERN
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Charged-Pion Polarizability at COMPASS

world avg.: 7.5+ 1.6

£ s ©
¥ L
S [ PACHRA Babusci —+——  Serpukhov 2.70
~, 40 [~ Lebedey _—PLUTO, DMI ————= PACHRA 0.91
@ [P oM, Mark It _—t MAMI 1.43
&0k nowE COMPASS prelim.3.09
L Sigma 8.14
[ Serpukhov Fil'kov
C CL=0.04
20|~ nZ>myz MAMI TT—TT ( )
[ Yp-yTn COMPASS
F Kaloshin * preliminary
100 g VYO Z— nyZ
GIS 06 7
ol b b e e L P Lo n by IO L L
1980 1985 1990 [ 1995 2000 2005 2010 2015 ) 5 10 15 20 25

30 35
Donoghue £ publicati s
R year of publication GIS (2006) - Bn m

Preliminary result
@ = (1.9 £ 0.7sgat + 0.85y5) - 107# fm?
@ Most precise measurement to date

@ Resolves tension between experimental average and xPT
prediction

@ In tension with earlier measurements

v
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Future Measurement: Polarized Drell-Yan (2014)

mpt — ptu X

@ Intense 190 GeV/c 7t~ beam on
transversely polarized p target
@ y-quark dominance

Hy(Py, S)

@ i from 71~ annihilates with u
from nucleon

@ Hadron absorber

couys's
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Future Measurement: Polarized Drell-Yan (2014)

mpt — ptu X

@ Intense 190 GeV/c 7t~ beam on
transversely polarized p target
@ y-quark dominance

Hy(Py, S)

@ i from 71~ annihilates with u
from nucleon

sin 0g

0.25-
@ Hadron absorber | wh
Azimuthal cross section asymmetries amf .00
@ Access k | -dependent PDFs: ot .
Sivers, Boer-Mulders sl ==
q 9 q E —
@ Test of factorization by comparing =
to SIDIS i t
o DY: convolution of two TMDs s
e SIDIS: convolution of TMD and T oD Ty § o

XXX

fragmentation function

COMPAS

o }55
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Future Meas.: Generalized Parton Distributions (2015-16)

@ Goal: 3D image of partonic structure of nucleon
@ ' and u~~ beams on unpolarized ¢H, target

COMEASS
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Future Meas.: Generalized Parton Distributions (2015-16)

Access via DVCS and HEMP

@ Goal: 3D image of partonic structure of nucleon
@ ' and u~~ beams on unpolarized ¢H, target

@ Measure beam-charge/spin cross section sum
dopves -
dJt| o e BIH; B(xg;) o (ri(xg;))
o Transverse imaging of the nucleon
e Contraint GPDs via azimuthal dependence of beam-charge/spin
sum and difference

~ 8
8 ¥
3
2 6
- “ 4
af "
ZEUS <Q*> =32GeV?
+ HI-HERAT <Q’> =4GeV’
20 s HI-HERATL <Q’> =8GeV’ o o
with ECAL1+2
« COl <Q'> =2GeV’
o zso dny “ 160 GeV/
e o o
2 with ECALO+1+2
- Lol Ll M|
t=-A2 coMpASS
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