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The COMPASS Experiment af(ee

CERN SPS

Hadron beam:
 190GeV/cm, K, p

* 5-.107 particles/SPS-spill
* LH, or Ni/W-target

operated 2002-2022
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in QCD axial-vector current is not conserved (PCAC) strong

e.m.

—

e.m.

JTO F3J’E ’-— n

/ / / m
e.m.

Quark axial current Quark axial current

* triangle diagram reveals breaking of classical symmetries - chiral anomaly

e Chiral anomaly taken into account yEFT by Wess-Zumino-Witten term:
Describes coupling of odd number of Goldstone bosons (7, 77, K)
7’ —=yy and y = 37 (xy — n x’) determined by|chiral anomaly of QCD
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m+y* s g aviar +A,2) > a7’ +(A,2Z) at 07 < 1073

Primakoff process
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m+y* s g aviar +A,2) > a7’ +(A,2Z) at 07 < 1073
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C/Ni/W targets DU e

* identify beam particle: 96.8% 7t~ or 2.4% K- (190 GeV)

* Luminosity determination via beam Kaon decay

(K-— m-m0or K- — 7r-7t0770 )
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Tree: >< F,, Strong final state interaction (FSI)
T

an’—p—->nna’

T 7 T T . .
y% V>C>< Antipov et al in Serpukhov:
71- . 7[ 71_ 7[ n...‘..

F371=12.9+0.9 + 0.5 GeV-3

reanalyzed - many systematics
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* Selection: Q2< 1.3-10-3GeV2/c2

* Dispersive framework*: deduce F3; and lNo>ny COMPASS preliminary

from fit to 77-770 mass distribution up to 1.0 o [ theoymedicion T (AZ) > (AZ)T
g |
GeV with FSl including p(770)-resonance: 2 Data
o
2 10EF, =(103+01, +06,,)GeV’
-o -
=
S |
L = —+ /
: 2-parameter fit L
10—111111||1|1|11|l||||1

0 0.2 0.4 0.6 0.8 1

2
Mﬂ_ﬂo [G@V/C ]
6 *M. Hoferichter, B. Kubis, and D. Sakkas, PRD 86 (2012) 116009 a
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* Selection: Q2< 1.3-10-3GeV2/c2

* Dispersive framework*: deduce F3; and lNo>ny COMPASS preliminary

from fit to 77-770 mass distribution up to 1.0 ‘“g o Theoryprediction T (AZ) > (AZ) T
GeV with FSl including p(770)-resonance: 2 Data
o
© 10EF, =(103+0.1,, +06,,)GeV’
> EN
F37T= (10.3 i O.lstat i0-6syst)GeV_3 o: i
= N I
Fp—my — (76 + 1stat+_1§ syst) keV E _,__l /
o 1=
* Preliminary result for F3; in agreement with : . 1
¥PT prediction ' i 2-parameter fit |‘"
\ S ) TN WO (N T N TR N TN SN TN NN TR MO SR N SN NN N
F;r: = (9.78 £ 0.05) GeV~? 109 0.2 0.4 0.6 0.8 1
M___, [GeV/c?]
* Final systematic uncertainties expected: 4-5% @
6 *M. Hoferichter, B. Kubis, and D. Sakkas, PRD 86 (2012) 116009
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XPT is consistent low energy effective theory for strong interaction
e Excellent agreement with experimental data:
- So far: description of mmt scattering length, 7° lifetime...
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XPT is consistent low energy effective theory for strong interaction
e Excellent agreement with experimental data:

So far: description of rut scattering length, 7° lifetime...

Now: Chiral anomaly (/5 ) agrees well with data

Now: Excellent agreement with O(p¢é) for z—polarisability (o, — ., not shown)

Now: First , precision” tests of hadron-hadron dynamics (z7y* — 7~ 7~ 7 not shown)

y
T COMPASS | 10 ——

lattice QCD |- —_—

ChPT —— ChPT} =
quark model [ =—_—

1 2 3 4 95 10 105 11 115 60 70 80 90
a, (x107* fm?) o (GeV®) Ty, (keV)
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XPT is the consistent low energy effective theory for strong interaction
e Excellent agreement with experimental data:
So far: description of rut scattering length, 7° lifetime...

Now: Chiral anomaly (F5,) agrees well with data

- Now: Excellent agreement with O(p®) for 7—polarisability T y — T .71;
- Now: First ,,precision” tests of hadron-hadron dynamics
P Y /V—- p(770)
- Radiative width of p(770) extracted ,model independently” ( \M
o p—— p5(1670)
wy ny
a; F37Z COMPASS-'O _ o ’03
COMPASS | s COMPASS |- —_—— COMPASS |- [
lattice QCD |- —_—
ChPT | —_— ChPT < dispersion theory -
quark model [ =—_—
R ] 'ée-;"a'd"1'dé"'1'1"'1'15 ”60””7I0””8I0””90” 2070808
a, (107 fm’) 5 (GeV™d) (keV) Ty r (keV)

Iyry
8
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XPT is the consistent low energy effective theory for strong interaction

e Excellent agreement with experimental data:

e Pions are the only active degrees of freedom

a; F 3
COMPASS | =t COMPASS | =t
ChPT —— ChPT} =
...................................
1 2 3 4 9. 5 10 10 5 M 11 5
a, (x107* fm?) o (GeV®)

Now: Chiral anomaly (/) agrees well with data

COMPASS |-
lattice QCD |-

quark model |-

So far: description of rut scattering length, 7° lifetime...

Now: Excellent agreement with O(p®) for 7—polarisability
Now: First , precision” tests of hadron-hadron dynamics
Radiative width of p(770) extracted ,,model independently”
e Pions are Goldstone bosons of spontaneous chiral symmetry breaking

60 70 80 90
(keV)

Iyry

-k - 0
Ty =TT

K
3

COMPASS

dispersion theory -

fe———  p(770)

: ( Mt — p5(1670)
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Spin-Parity selection rules for bound gg 'system

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

* Relative orbital angular momentum L couples with total spin Sto Meson spin: j - [ + §

e Parity: P = (_1)L+1
* Charge conjugation: C=(-D
i G‘parity: = C.eiﬁfz _ (_1)I+L+S

* Allowed JPC combinations:
L =0 — pseudo-scalar 0-+, Vector 1-

L =1 - scalar O, axial-vector 1=, 1** and tensor 2+

 Forbidden JPC combinations: 0, 0+, [-+, 2+, 3+ .....
10
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* |attice calculations predict mass spectrum (also for exotics)
 future: lattice predicts width and couplings

m [ MeV

3000 F

2500
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1500

1000 o'

500F

-1

o

Exotics
=
-l
I -
- -
+—
i - gt 2
o
-+
my; = 391 MeV
243 x 128
isoscalar B
isovector

Stephan Paul | meson spectroscopy with COMPASS
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At high energies:
* Restoration of chiral symmetry E>4x- f ~1.2GeV
* Degeneration of different parity states

e Disappearance of mass-splitting of parity multiplets

Requires precise spectroscopy at higher masses (M > 2 GeV/c?)

12
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* Most reactions studied with COMPASS are diffractive beam dissociation;
h™p — 3hadrons e.g. h'w m+ p 3-body final state
h™p — 2hadrons e.g. 777 4+ p 2-body final state

13
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* Production dependence (4-momentum transfer) adds separation power

* Final states contain 10-20 different resonances - from peak hunting to PWA

" B 1 x103 3x10° 0.10 < 1'<0.17 (GeV/e)’
~ 60 ' p -’ p(COMPASS 2008) _
§ N 0.10 510,12 GeV¥/ 1 0.10 S tl < 0.15 (GQV/C)Z + COMPASS
i 502— N I
P C ~ 34 R L
5 a0f % ] > 2F
- = 2
G r = L
low ¢ % | = 2 |
2 3op = 2 = |
g L S’ - ~
z ~ £ T
201 Z ] o 1
g g 1 =
10F A ]
_ N IR TP P T TR T 1.5 0_. P P N I I
2 b 04420 10GeVe? ] 0.34 <t < 1.00 (GeV/c)? | COMPASSH
: = ] I - .
o 35F “L 1 L
z F =T TS
g 305— Z 10_ % | ;:mn—
- / s 25F é 1 2 2
; F = éHUUU—
high 1"z .; 2 S g Hass HK 29.4
z F ~ P F P
15E 205 5 05F Wagner HK 29.3
E = L $
10f e K ]
E = 3
SE
. LN RN PN PR PR PO PRORY PO | I ]
006 08 1 12 14 L6 18 2 22 24 0.0 0 """"""2'5"";"'35 o

1.0 1.5 2.0 2.5 3.0 1 L5 2 24 e 18 26 28 20
2 Y 2
m]'[—f[_][+ [GeV/CZ] ijm [GeV/Cz] 14 ma)ﬂ'][ [GeV/C ] mK?KsOﬂ [GeV/C ]
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 Decomposition of a complex System (without interference)

inspired by M. Pennlngton

FaW data -~ ‘ D after PWA

nif, ntfy

Flat wave

(7to)s 7

15
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 Decomposition of a complex System (without interference)

* But: guantum mechanics involves interference
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 Decomposition of a complex System (without interference)
* But: guantum mechanics involves interference

* Model reaction as multi-step process: production X and subsequent 2-body decays

T~ { 7rt:achelor
\\ \ —
—p— I
JFC Me : T
7r+

JPCXME — En — 37 is called "wave"
15
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 Decomposition of the mass spectrum in terms of

2.5

Number of events /(20 MeV /c?)

x 107

PWA Result (,,spin totals®)

1.0

0.100 < t' < 0.113 (GeV /c)?

low ¢’

1.5

m3r (GeV/c?)

1++
2—+
o+

QERONEd

2.0

2.5

16

Number of events / (20 MeV /c?)
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@) Exotics in COMPASS : Spin Exotic J7€ = 1+
XOTICS IN . dPIN EXOTIC —
Intensity Relative Phases (interference terms)
%10 1" p(770) 7 P [I*1* p(770) 7 P] = [1**0* p(770) 7 S] [1"*1 p(770) 7w P] - [07*0" £(980) 7 S|
1-0.724 < 1" < 1.000 (GeV/c)* E“zoof— 0.100 < ' <0.113 (GeV/e)’ Eozoof—
- Model curve % E 0.449 < 1' <0.724 (GeV/c) % 2
—~ Resonances ’ o OF 0.724 < ' < 1000 (GeV/ey| « 1POF
RS " Nonres. comp. | i | =
- 1001+ 100~
2 | ’ s H S
= 50 50
S E E
I*1* p(770) 7 P : 05_ O:_ 0:_
z } ~50F- -s0F
5 5 100 100
£ = i { : H ' 1505_ 1505_0.100<r'<0.113 t
i 3 _»H |||||_ ~ : E 0449 <1 <0.724 (Ge/c)
T i ‘ i H R 2008 oo ] ORS00 G b
05 1 15 ) 25 06 08 1 12 14 16|18 2 22 24 06 08 1 12 14 16 1.8 2 22 24
my, [GeV/c?] m,, [GeV/c?]
21(1260)  11(1600) 71(1600)

Clear Establishment of exotic meson !
COMPASS could reconcile dispute from previous experiment : analysis artifact

Stephan Paul | meson spectroscopy with COMPASS COMPASS Phys.Rev.D 98 (2018) 9, 092003 - Phys.Rev.D 105 (2022) 1
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MUNCHEN N\: 25? 10" £(980) = P
2 0.1<¢'<1.0(GeV/c)
S 20 C (1) Model curve
. . . < r (2) a,(1420) resonance
aXIalveCtOr (JPC — 1++) decaylng IntOf(l)(980)77: (P_Wave) % 15: M (3) Non-resonant term
e small signal (10~3) compared to dominant p(770)7 (S-wave) g b9
e large phase variation 5
. ; @)
e ,narrow“signal : I'/M ~ 10 % b AT S ST
1 12 14 16 18 2 22
my. [GeV/c?]
%"200:— 1'*0* £(980) @ P - 471" p(770) = G
2 &
£ 100 A

Observation: :
« Decay only : [f;(980)] = P oF {
e Mass: 1413 £ 15+ 13 MeV/c? |

-100:—
o Width: 157 + 8 +23 MeV/c? |

i ©40.100< £ <0.113 (GeV/c)
-2001 +0.164 < t'<0.189 (GeV/c)?
C —= 0.44? <t < 0.724|(GeV/|c)2

T B
1 12 14 16 18 2 22
my, [GeV/c?]
18 COMPASS Phys.Rev.Lett. 115 (2015) 8, 082001
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Various explanations proposed for interpretation:
— Dynamics
* Interference of a;(1260) with Deck amplitude (Ad = 1800 shifted by 100 MeV)
(Berger et al.)

19
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Various explanations proposed for interpretation:

Intensity of the 110" forr P wave

— Dynamics COMPASS 2008 :
* Interference of a;(1260) with Deck amplitude (Ad = 1800 shifted by 100 MeV) s O(Zof<t/(° . e

=== BW model
+ mass-ind. fit

u MeV/cZ)

(Berger et al.)
e triangular diagram: coupling a;(1260) > KK* = KKm and KK«—1f,(980) (A} = 900)”“”“'

a1(1260)-> fo (980)mt decay shows up 200 MeV above a;(1260) 2 .
(Mikhasenko et al.; Aceti et al.) :
* Requires same kinematic t dependence for a;(1260) and a;(1420) LA .
_ max (GeV/c?)
K" (892) ,,,47 > 7T
,4" !

—— K

a,(1260) a_ | T
- ~ | <

example f0(980) T

19 COMPASS Phys.Rev.Lett. 127 (2021) 8
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Various explanations proposed for interpretation:
— Dynamics
* Interference of a;(1260) with Deck amplitude (Ad = 1800 shifted by 100 MeV)

(Berger et al.)
e triangular diagram: coupling a;(1260) - KK* - KKmt and KK—1f,(980) (Ad = 900)

a1(1260)-> fo (980)mt decay shows up 200 MeV above a;(1260)

(Mikhasenko et al.; Aceti et al.)
* Requires same kinematic t dependence for a;(1260) and a;(1420)

e Partner of f;(1420)

— Fit quality equivalent for BW and triangular diagram

19
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Various explanations proposed for interpretation:
— Dynamics
* Interference of a;(1260) with Deck amplitude (Ad = 1800 shifted by 100 MeV)
(Berger et al.)
e triangular diagram: coupling a;(1260) - KK* - KKmt and KK—1f,(980) (Ad = 900)
a1(1260)-> fo (980)mt decay shows up 200 MeV above a;(1260)

(Mikhasenko et al.; Aceti et al.)
* Requires same kinematic t dependence for a;(1260) and a;(1420)

e Partner of f;(1420)

— Fit quality equivalent for BW and triangular diagram

nalysis of 3n decays
* ongoing using Belle/Belle 2 data (TUM)

Rabusov HK 29.2 19
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MUNCHEN £ 0.100 < t' < 1.000(GeV/c)?
: 5 7(1800)
. . . — 47
* Ground state and radially excited pions have JPC =07 S £t
st F
* known states: m(140), , ©(1800) N L L
'é : 3 ¥
£ FP A
A
T_-F.‘ ............ _‘L"“:::

M, [GeV/c?]
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* Ground state and radially excited pions have JPC =

* known states: m(140), , ©(1800)
 additional state Z(1720) — £,(1270)x

* Consistent observation in two data sets:
— LHzZ

20
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Intensity / (a.u.)
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0-*0" waves

[ 0.100 < t' < 1.000 (GeV/c)?
& 7(1800)
it
| £
St N
N +ot
~ -~ *
21 < L
D [ LR
P .
2t S S X
Ch s ‘ # te.
% .: .
o~ E
y ar LN
S e s
= e
0.100 < ¢ < 1.000(GeV/c
" 7(1800)
n(1720) 4 I+
+i {
£
41
- INH ¢
.%. * +‘.
- ' t..
A1
Py L
¢ i
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* Ground state and radially excited pions have JPC =

* known states: m(140), , ©(1800)
 additional state Z(1720) — £,(1270)x

* Consistent observation in two data sets:
— LHj:
e T +pornata +p
— Pb/Ni:
e 77+ Ni—->nanatn + N/
e 77+ Pb—> aatn +Pb

20
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%10° 0~ t0" £(1270) w D
40 H
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&
% a0 !
> t
[ it
S 25} #
S 4
—20f L
~ é
2 i
(';)‘ 151 +:: +
& i
2 10f
—
# o s,
5 * : * + 4
E - X ++${;¢+ .
: + + oty
N S DA NS
300 :
1H,: 0.1000 < t' <i0.1100(GeV/c)?
250 Pb: 0.0065| < t' <:0.0546 (GeV/c)?
QU :
- »
200 ;{"JP,
= @)
o
g - L
T 150 i
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T Exotic: A

* Ground state and radially excited pions have JPC =07
, T(1800)
 additional state Z(1720) — £,(1270)x

* Consistent observation in two data sets:
— |_H2!

* known states: m(140),

e T +pornata +p
— Pb/Ni:
e 77+ Ni—->nanatn + N/
e 77+ Pb—> aatn +Pb
* Untypical behavior of amplitudes generates ,interference” like
pattern (both. real and imaginary part cross ,,zero”)

20
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TLI'I1 Exotic: A Pionic State
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* Ground state and radially excited pions have JPC =07

* known states: m(140), , ©(1800)

 additional state Z(1720) — £,(1270)x
* Consistent observation in two data sets:
— LH2:
e T +pornata +p
— Pb/Ni:
e 77+ Ni—->nanatn + N/
e 77+ Pb—> aatn +Pb
* Untypical behavior of amplitudes generates ,interference” like
pattern (both. real and imaginary part cross ,,zero”)

* Interpretation unclear

20
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ORIGINS
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x10% o~tot f2(1270)1rD
40 —
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2 30¢ éﬁ
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= 10f
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300 P 2
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oU i :
200 ‘fm’r
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o 150 W
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T Analyzing the Isobaric Structure (C
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* Novel analysis technique to extract complex amplitudes for 2-body isobars from data
« example: JF€ =177 (e.g.|p(770)in ) X1 LIS <o <122GV/C 10Tl xS

e fit unitary and analytic amplitude models -
and extract pole mass and width 3
S 1
e Extend to mzr — S-wave and strange systems z
0.

21 e G Sl o v
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Tm Analyzing the Isobaric Structure (C
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* Novel analysis technique to extract complex amplitudes for 2-body isobars from data
d example: JPC —_ 1__ (e_g_ p(770) |n ]z' ’ x10? -1-18<m3,,<].22GeV/c2 1++0* [n7];— 7S

 fit unitary and analytic amplitude models

and extract pole mass and width
e Extend to zzr — S-wave and strange systems

I [Vevents/40 MeV |

763.3 MeV/c?

N

>

()

=g

§~ Theory*: m, € [761,764] ; I'y € [143.4,146.4]

- +2 +2.5

Ao MeVic’) Ba rtl HK 743 3 e G. Colangelo, J. Gasser and H. Leutwyler, Nucl. Phys. B
21 *€.8 603, 125 (2001) [hep-ph,/0103088].



Tm Analyzing the Isobaric Structure E(C

UNIVERSITAT =
MUNCHEN

* Novel analysis technique to extract complex amplitudes for 2-body isobars from data
d example: JPC —_ 1__ (e_g_ p(770) |n ]z' ’ x10? -1-18<I713,,<].22Ge\//c2 1++0* [n7];— 7S

e fit unitary and analytic amplitude models

and extract pole mass and width
e Extend to zzr — S-wave and strange systems

I [Vevents/40 MeV |

3-body systematics to be understood

763.3 MeV/c®

N

>

()

=g

§~ Theory*: m, € [761,764] ; I'y € [143.4,146.4]

- +2 +2.5

Ao MeVic’) Ba rtl HK 743 3 e G. Colangelo, J. Gasser and H. Leutwyler, Nucl. Phys. B
21 *€.8 603, 125 (2001) [hep-ph,/0103088].



Tm Analyzing the Isobaric Structure

MUNCHEN

* Novel analysis technique to extract complex amplitudes for 2-body isobars from data
° example: JPC — 1—— (e.g' p(770) |n T ’ 400_1.78<m3;r<1.82GeV./c2 1¥*0*[nn];—nS
Argand - in Progress

e fit unitary and analytic amplitude models

and extract pole mass and width

200 -

e Extend to zzr — S-wave and strange systems

I [ Vevents/40 MeV]

3-body systematics to be understood o1

763.3 MeV/c®

L R [ VevenAOMEV]
:; Theory*: m, € [761,764] ; I'y € [143.4,146.4]
o

+2 +2.5

N : E e
. 3 l-
S— B [ S
| A SRt . .
. G ¥ . .. st t'-bin
o X7 . nd t-bin
b . 3 '.'- ] rd t'-bin
tee -t . Lt '-bin
o col . i
1 H eigh. avg.
—1.00 —-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Amg [MeV/c?]
21 Ba rtl HK 74.33 G. Colangelo, J. Gasser and H. Leutwyler, Nucl. Phys. B

*€.8 603, 125 (2001) [hep-ph/0103088].
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(a) wT isobar (b) 7w isobar
10° i : |
* most exciting examples in b(1235)n — (wr)r :
1=+ spin-exoti a O
Spin-exotic 3 dg 0 \
x10° 17151 (1235)(S)nS 1 %107 30" b (1235)(S)nF1 %103 67 1+h(1235)(S)nH1 0 100 20 00
0.10 < ¥ < 0.17.(GeV/c)* 0.10 < ¥ < 0.17.(GeV/c)* 0.17 < ¢ < 0.29(GeV/c)?
41 12% 151 0.7 % 0.3%
o T { =075 }
g jH E 1.0 4 + 5050_ P
2,2- . + £ s Hﬂ g‘ H+ +H
R R AT £ 025 g1
= + R VA L -
) T++ e 1. M AT *? . ﬁ Y ++ j +j
: : +| + _ n NN
%b o-+| %D 0] ++++++*++ g, PN +
< ¢ * )
+ = +++++++ < ++
~100 ;“%ﬁ*ﬂ{ﬂ ~100 ‘<."“"*‘*'+ 100 *_‘#M ++ t
L4
~200 e ~200 + e —————————
15 20 25 30 35 15 20 25 30 35 200 T
my [GeV/c?] my [GeV/c?] my [GeV/c2]

Haas HK 29.4

* in total 150 waves appear in various mass ranges 22
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T Developments
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1. Wave selection: use and on very large ,wave pools”
2. using NIFTY* (program package used by cosmology)

3. One step data fitting for resonances ( ) and background
across full mass range

4, (variational Bayes) to estimate uncertainties

Kaspar HK 7.2

*numerical information field theory 23
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JT | al | ﬂl | az \7T2 | a3 | a4 | ]T4 | a6

2500 i i | .

z L a e b

= 000 | ' e ® oo || :

= C | ] — o o° ° o0 &

=Rl R | A | ¢ : t

= B :°o.. +I..00 N “%0 |00 o + g

21500 - []-IE.T. | E
® | | ' 8

c% B o. ) 0%.F +:—. o 8 JU EE

= 000 |

1t | 1+ | 2+ | -+ | 3+t | 4+ | 4+ | 6t

« COMPASS found 15 states in a consistent analysis (more on the horizon)
—

<
+

z
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m Strange-Meson Spectroscopy

TECHNISCHE

UNIVERSITAT ™
MUNCHEN
x10%
COMPASS hadron beam contains 2.4 % kaons 1.0 1 l\;xgl(ﬁ%)o)
— 12 1(14
, o _ 4 L Ko(1770
« firstanalysis: K~ +p — K 7z~ +p’ S (5(1770)
V)
« 0.7 -10° events =
= 0.5 1
[ ~ ]
&'3 i
0.0 #rrrre e
° ]Z-_ _|_ l) N ]Z-_]Z-+]Z-_ _|_ l)/ 1.0 1.5 2.0 2; 3.0
incoherent wave set (novel) My, 1GeV/c™]

26



M Examples for Excited (and Exotic) Kaons

TECHNISCHE

UN.IVERSITAT =
MUNCHEN <10° 0=0"p°(7T70)K P
12 @10 ¥ ¢ ¥ 1.00 (GeV/c)?
N 0.7%
« JP =0 : K*@892)x and [Krlgm and p(770)K S Iz + >
22 =
- K(1460) - M £
- K(1630) (supernumerous) ZBE ,#%% =
R
- K(1830) (weak) N,
“ ;k 0.10 ¥ ¢ ¥ 0.15 (GeV/c)?
100 1 ;
_ :ﬁ* Kl
£ Oja;*tﬁ; Y W# 2
O CARAE £
—100 Fo' &
TS 20 25 30

27
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M Examples for Excited (and Exotic) Kaons

TECHNISCHE

UNIVERSITAT ™
MUNCHEN <10° 0=0"p°(7T70)K P
12 @10 ¥ ¢ ¥ 1.00 (GeV/c)?
o 15 0-7%
- JP=0" : K*@892)x and [Krlgr and p(770)K S Iz | -
=218 S
- K(1460) - m e
- K(1630) (supernumerous) ZBE *&-%ﬂ =
ER (R
- K(1830) (weak) N,
“ ;k 0.10 ¥ ¢ £ 0.15 (GeV/c)?
e supernumerous state likely to be of exotic nature B 100?% ﬁ# #
I XY N Y X a
E. O_bo + 4 (¢0]
;e | 2
—100 Fo' 4
T s 20 25 30

27
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COMPASS will release m/I" of 11 strange mesons using K nnt
b K, Kl’ K;, Kz, (K;k), K3, K;k, K4
0~ 0F 1= 1t 2= 2t 37 37 4~ 4T 57

2.5 1
] X — , . G
: — — VK & -
=201 v TR (O
¥ ] ——
N . ' ——
O, 1.5 71X ° ° —o— —E—
A s |
L | X| CcomPASS
1.0 A ' ® Established
: o ' | Not Established
- S——T ‘ — Quark Model
0.5 '—.— to come [Ebert et al., PRD 79 (2009) 114029]

K K K K K, K, K/ K, K, K K
« COMPASS found 11 strange mesons - ONE supernumerous State (exotic ?) @

28
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* Measurement of pion polarizability v

e Measurementof yz~ — nntn~, n 2’7" (yEFT fit) v

* Measurement of radiative width of excited mesons a,(1320) and 7,(1670) v
* nx,n'wanalysis and the state of 7;(1400) and z,(1600) v

* Kaon polarizability v

e SU(3) yEFT v

* Nuclear effects in & scattering v

« Determination of (Kz) S —, P —, D — wave scattering v

e Spectroscopy in 16+ final states v

Vast number of measurements with polarized muons and polarized target on longitudin
transversal structure of the nucleon i
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e COMPASS has made numerous key measurements
— low energy QCD phenomena
— light meson spectroscopy
* systematic exploration of ordinary meson systems
* exotic mesons
* new undiscovered phenomena
* Development of tools necessary
— precision measurements around yEFT
— complex partial wave analysis and high mass mesons

— export technology to heavy flavor facilities (e.g. D, B-meson decays, 7-lepton decays)
* COMPASS explores full SU(3) flavor space (many results to come)
« AMBER Il offers extension to strangeness sector (10-fold data sample) @

30
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Backup wnr — 2x 277"

* include L <7 for &' and use the following isobars

Isobar  Decay channel m [MeV/ 02]

I [MeV/c?]

p(770)° T
p(770)~ T
p(1450) W
p3(1690) W, T
b1(1235) wm

769.0
766.5

1465

1688.8
1229.5

150.9
150.2

400
161
142

%107 0.10 < ¢ < 1.00(GeV/c)?

| o + 2
oo, + (0 + 3
1 . 45,1
L .
2] . N>

Intensity [(GeV/c?)™!]

1.5 20 25 30 3.
my [GeV/c?)

Intensity [(GeV/c?)™ 1]

+
o +
%

20 25

my [GeV/c?]

4

[V IV
+ e

+
+

%107 0.10 < ¢ < 1.00(GeV/c)?

6

=N = o
o

m
@

MU
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T Backup a1(1420)
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e phase variation w.r.t. main wave

Interference of 170" (for P — pm S)

COMPASS 2008 : T
0.100<t'/(GeV/c)?<0.113 + %'E {-
' *
(b) S5
100 }
Z
] |
3 0
=
a,
B
=
% —100 F
% - T'S model
=== BW model
B ' {_ 4+ mass-ind. fit
i

1.2 1.4 1.6 1.8 2.0
maxr (GeV/c?)

* same fit quality for resonance and triangular singularity

33
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Backup strange mesons K,

K, :t" dependence (4 ¢’ bins)

BW parameters: Systematics of fit:

mo [MeV/c?]

%105 270" K5(1430)7S %104 2707 K3(1430)7S
5 1 010 < <0.15(GeV/c)? 0.34 </t' < 1.00 (GeV /c)?
T ] M
& & 67
2 =]
> >
<] [) J
© ] O 4
—_— 1 - P 4
z Z
g g 24
z Z i
0_- A4 ama O_- * z’/.'ﬁ\&\_& e
10 15 20 25 30 1.0 15 20 25 3.0
(a) MK rr [GeV/('Q] (b) MKnrn [GEV/CQ]
500 1
] 4 K»(1770)
4 K,(1820)
. 400 - 4 K2(2250)
NU
~
% 300 1
= — =5
9001 T i
200 L E | .
+
100 -
1700 1800 1900 2000 2100 2200

m

(@
55
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Backup strange mesons K;

2H1+K*(892)rD  2+1%p(TT0)K D

1+0+p(770)K S

LM
,TIII] u

( ORIGINS
m(\/

30
20

10 -

ey

0_

(a) m “ H (b)

L
I WT ’..|

|
|

|

r 180

©
o
A(!oab [deg]

1.0 15 20 25

Intensity [10%(GeV /c?)~!]

2+1+p(770)KD

0.10 < t' < 0.15(GeV/c)?

Total model

Resonance components
Non-resogant component
m— - w? Wackgpound
Effectne background

w 4
I I TR T S|

0

L 180

I'o 15 20 25

110*p(770)K S

0_
1.0 15 20 25 3.0

100

50 1

Mmyxrr [GeV/ c2]
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e
3”OC 2 2=
Y
4ﬂfn

e strong final state interaction:

‘e
‘e
0

‘e
*e
0

_ * -0
Ty =TT

‘e
‘e
0

*e
‘e
0

Y T
- T
e T 7 T Y. T

e,
.
.
.
.
.
.
.
.
.
.
.
5
«
-
.
.
5
.
.
.
‘e

T T T I T T T T I T T T T l T l~ T T
[ ’ i
25k san’) F.
C Gm(ffn >TN ——- ‘ﬁe / \.\ ]
< o e, + loops + lec / \-\ E
. LT ———— nan ; ]
a,, 20F ., + p resonance ! v
L ‘W, 1 v o4
L tey, ! \
........... 1 \ A
. L e / \7
% =15 T 1 A
. L] \
. = [ Ny ]
. — ! -
., I J ]
oL ; E
[ 7 ]
-]
S5 o
[ ‘A ]
0 L | L !
2 3 4 5 6
172
s [m]
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L=

Antipov et al in Serpukhov:
F37=12.9+ 0.9 + 0.5 GeV-3

reanalyzed - many systematics
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* COMPASS: First combined measurement of

Fzrand T'ppy

F3n= (103 + 0-1stat + O.6Syst)GeV_3

[, =761 (stat) J_féo (syst)) keV

* |Intensive

* multiple K— decay modes
* Various background studies (w and m exchange)

* Detailed 7z~ Ni = 7—797z0 Ni analysis for

Expect final uncertainties ~ 4%

Previous measurements (80’s):

Tpomy = (8114 +4)keV
separation of nuclear and Coulomb processes
from do/dt
. tomr—m0
. detailed
* Unresolved beam composition

study

“Fsp = (10.7 + 1.2) GeV-3

* Neglect s-channel production of p meson
* No proper consideration of systematics

37

Capraro, L. et al. NPB 288 (1987) 659-680 at CERN (SPS):

*
**Y.etal. PRD 36 (1987) 101103 and reanalyzed by Ametller, L. et al. PRD 64 (2001) 09400E
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. JP=2%: K3 (1430) in K*(892)x and p(770)K

MU

Examples for Excited (and Exotic) Kaons  afe

38
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et
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ez

2+1+K*(892)7D
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TIII1 Examples for Excited (and Exotic) Kaons
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. JP=2%: K3 (1430) in K*(892)x and p(770)K
. JP=2": K3 (1430)z, K*(892)x and p(770)K, f,(1270)K

_ K2(1770) - 2_0+K'5(1430)7r5
T 15 + (a)
- Ky(1820) 5
- K,(2250) (confirmation) E 10‘;
- coherent fit including all R
g 14
2 0] -
§ 1.0 15 20 2.515

38
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I Examples for Excited (and Exotic) Kaons
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%107 0~0Fp(7T7T0)K P
. JP=2%: K¥(1430) in K*(892)7 and p(T70)K B B S
) WS E .70
. JP =271 KX(1430)z, K*(892)7 and p(TT0)K, f(1270)K : |
- Ky(1770) <24 |
- Ky(1820) £ ﬁ. M
- Ky(2250) ( ) v
. . ke whin,
- coherent fit including all 200 2* .10 £ 7 £0.15 (GeV /)2
« JP=0" : K*@892)x and [Kn]em and p(770)K :
100—_#\ %
- K(1460) T (b et
5 418
- K(1630) (supernumerous) 3 OZ%M‘%M +*m++
- K(1830) (weak) ~100 <
079y J R EE R S—
10 15 20 25

38 Mgar [GeV/c?]
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Tum Strange-Meson Spectroscopy af(ee
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COMPASS hadron beam contains 2.4 % kaons
e firstanalysis: K~ +p - K z7n~ +p’
« 0.7-10%evtsin ¢ € [0.1,1.0] GeV/c?

39
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TE[HNu:"CHE Strange-Meson Spectroscopy @'Ns
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COMPASS hadron beam contains 2.4 % kaons
e firstanalysis: K~ +p - K z7n~ +p’

‘ . 260 5
InL',I\’\'-";-'H IHL\\'HH“ 200 500

[ 010 < <015 (GeV/e)?
« 0.7-10%evtsin ¢ € [0.1,1.0] GeV/c* 07 1.20 e < 1.22GeV /c?

* use automatic wave selection to build PWA model (novel)

selection of 15-80 waves (m,, dependent) - 596 waves
offered

0 25 n0 ) 100

Wave Index

39
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Tum Strange-Meson Spectroscopy
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x 104 i
COMPASS hadron beam contains 2.4 % kaons 1.0 - f‘;ilm)
< 1 1 Game
e firstanalysis: K~ +p — K ntn™ +p’ > a(1r70)
e 0.7-10°%evtsin ¢ € [0.1,1.0] GeV/c? =
= 0.5 1
* use automatic wave selection to build PWA model ( ) w

selection of 15-80 waves (m,, dependent) - 596 waves
offered

10 15 20 25 30

e treat pion background reaction 7~ +p — 7z " + p’ )
mirr |GeV/c?

through incoherent wave set in PWA | )

39
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s g pornraat+pVs s my*>arnaty
* T p— n 7 + pv c 7y* > a7’
c T p-o>wr a+pV s my* >l

s g poar T aAaNn+pYs Ky*—> K
cap->rann+pV

*xp-o>ran+pv

r p—n f1(1285)+p

7 p— KXKon~ +p

np— KK +pvs

Kp->Knrat+ps

Kp—Kn +p

Kp—>Ap+p

40
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0.100 < ' < 0.113 (GeV/c)

old

—
[wn)
2

—
o
\ J:n
LELELRRLL BRI LD N R R R LLLL B

Intensity / (20 MeV/c?)
2,

1 1.5 2 S
m,, [GeV/c?]

=)

=) :rD.:
.Lh -

oo
~—

Model curve
Resonances

Nonres. comp.

new

Intensity / (20 MeV/c?)

may [GeV/c?]
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Error bands obtained from

variational Bayes

Intensity / (20 MeV/c?)

Ag [deg]

Intensity / (20 MeV /c?)

A¢ [deg]

201

15F

Model curve
Resonances

Nonres. comp.

7(1800)

Intensity / (20 MeV/c?)

0.25F

Model curve
Resonances

Nonres. comp.

7(1800)

—90 1

180
90
01 /

—180
0

[GeV/c?]
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Prove of new PWA-Scheme

1.50 Model curve
Resonances
1.25 Nonres. comp.
a,(1320)
0.75 2
0.50
0.25
180 )
o0 901
3
= 0
<
<1 —-901
—180 T T T T
0.5 1 2 2.5 3 3.5

mar [GeV/c?

Model curve
200k Mass-indep. fit
Resonances
Nonres. comp.
150
100 |
50 F
180 L
90 4
0 — W T
—90 A tr
—180 T 7 T T
0.5 1 1.5 2 2.5 3 3.5

mag [GeV/c?]




