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T @ secondary 7, K, 'p’: up to 2:107/s (typ. 5-108/s)
5 i Nov. 2004, 2008-09, 2012:
hadron spectroscopy & Primakoff reactions

@ tertiary muons: 4-10” / s
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Experimental Setup

ixed-target experiment

@ two-stage magnetic spectrometer ECAL2

@ high-precision, high-rate tracking,
PID, calorimetry \
SM2

SM1

Target
RPD

Muon Filter 2

Muon Filter 1

Si Telescope RICH1
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&2 compass m

Technische Universitat Miinchen

Experimental Setup

Fixed-target experiment

@ two-stage magnetic spectrometer ECAL2

@ high-precision, high-rate tracking, HEALZ

PID, calorimetry \
SM2

(C, Ni, W, Pb)
@ Silicon microstrip detectors for “vertexing”

\ @ 190GeV 7~ beam on p and nuclear targets

Si Telescope RICH1

@ recoil and (digital) ECAL triggers
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ore Primakoff Summary and Outlook

@ Electromagnetic Polarisabilities m

Technische Universitat Miinchen

my
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+

@ structure-dependent response to outer e.m. fields:
_ 1 22 B2
AH = —3 (a-E +ﬁ-B)

@ well-known for atoms and molecules
@ measured on 10%-level for nucleons (also spin dependent)

Friedrich Pion Polarizability at COMPASS
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&2 Pion polarisability and ChPT m

Technische Universitat Miinchen

pion polarisabilities o, B~ in units of 107* fm°
size of the pion ~ 1fm? [cf. atoms: polarisability ~ size ~ 1 A

ar —fBx = 57+1.0

Theory: ChPT (2-loo rediction:
y (2-loop) p an+Br = 016401

experiments for ar — 3~ lieintherange 4--- 14

(ax + = = 0 assumed)

ChPT: chiral perturbation theory: low-energy expansion of QCD

J. M. Friedrich — Pion Polarizability at COMPASS 5/31




COMPASS Intro: Pions & ChPT Pion Polaris: y More Primakoff Summary and Outlook

&2 Pion polarisability and ChPT m
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pion polarisabilities o, B~ in units of 107* fm°
size of the pion ~ 1fm? [cf. atoms: polarisability ~ size ~ 1 A

= 293+0.5

Qrn
Theory: ChPT (2-loo rediction:
y ( PYP Br = -277+05

experiments for a lieintherange 2.--7

(ax + = = 0 assumed)

ChPT: chiral perturbation theory: low-energy expansion of QCD
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Ty — mYy

@ Two kinematic variables, in CM: total energy /s, scattering angle 0cm
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@ Pion Compton Scattering m
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Ty — mYy

@ Two kinematic variables, in CM: total energy /s, scattering angle 0cm

dory _ QPSP +mpZ2)  amd(s—mi)?
dQm ~ S(szy +m2z_)2  4s?(szy +m2z_)
E (s —m2)?

P:zi(aﬂ—ﬁw)+%23(aw+ﬁw)* 2% (a2 — B2)

24s
Zi — 1 :l: COos ecm
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@ Pion Compton scattering: embedding the process L
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Primakoff processes

p n

Radiative pion photoproduction Photon-Photon fusion
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@ Polarisability effect in Primakoff technique

@ Charged pions traverse
the nuclear electric field

o typical field strength at d = 5Ry;:
E ~ 300kV/fm

@ Bremsstrahlung process:
@ particles scatter off
equivalent photons
@ tiny momentum transfer
@? ~ 10-5GeV?/c?

@ pion/muon (quasi-)real
Compton scattering

@ Polarisability contribution
o Compton cross-section
typically diminished

e corresponding charge separation
~ 107 %fm.e

mm

Technische Universitat Miinchen
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@ Polarisability effect in Primakoff technique T

Technische Universitat Miinchen

@ Charged pions traverse
the nuclear electric field

o typical field strength at d = 5Rn;:

details: see later

Photon exchange

1.5F
E
g strong interaction
0.5
OU | 0.05 M — ol

qr[Ge\?/b%s
typically diminished

e corresponding charge separation
~ 107 %fm.e
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@ Pion polarisability: world data before COMPASS m
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" a2) Radiative pion
Primakoff processes photoproduction Photon-Photon fusion
world avg.: 12.7+ 2.5
o e
;g 50; X2
S [ PACHRA Bebusd Serpukhov  0.06
~ 40 Lehﬂisy __PLUTO, DM1 PACHRA 0.65
@ L ypeymn oz, Mark i MAMI 0.10
E L Yy - 0T =
0l 081
[ sigma -
[ Serpukhov Filkov (CL=0.67)
DTz -TyZ MAMI VY - T0T0
C } p-ymn
[ Kaloshin
10— VY- TeT {'
GIS'06
Ll vt b v b b v b b by L T T NI B L
Olos0 1985 1090 | 1995 2000 2005 2010 2015 0 5 10 15 20 25 30 35
Donaghue year of publication GIS (2006) ag-B,/10*fm®
arl

GIS'06: ChPT prediction, Gasser, lvanov, Sainio, NPB745 (2006), plots: T. Nagel, PhD
Filkov analysis objected by Pasquini, Drechsel, Scherer PRC81, 029802 (2010)
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@ latest publication on the pion polarisability L
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Measurement of the Charged-Pion Polarizability

C. Adolph,s R. Akhunzyanov,7 M. G. Alsxesv,27 G.D. Alsxssv,7 A. Amorosn,ﬂ‘y V. Andrisux,21 V. Anosm\',7
... [213 authors]
(COMPASS Collaboration)

(Received 2 June 2014; revised manuscript received 24 December 2014; published 10 February 2015)
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The COMPASS collaboration at CERN has investigated pion Compton scattering, 7~y — 7y, at center-

of-mass energy below 3.5 pion masses. The process is embedded in the reaction 77 Ni — #~yNi, which is
initiated by 190 GeV pions impinging on a nickel target. The exchange of quasireal photons is selected by
isolating the sharp Coulomb peak observed at smallest momentum transfers, @% < 0.0015 (GeV/c)>.
From a sample of 63 000 events, the pion electric polarizability is determined to be a, = (2.0 £ 0.6, £
0.7¢y¢) x 107* fm® under the assumption a, = —f,. which relates the electric and magnetic dipole
polarizabilities. It is the most precise measurement of this fundamental low-energy parameter of strong
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@ Principle of the COMPASS measurement m
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@ high-energetic pion beam on
4mm nickel disk
@ observe scattered pions in

coincidence with produced
hard photons

@ study of the cross-section
shape

Friedrich Pion Polarizability at COMPASS
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@ Principle of the measurement m
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. . ECAL1 ECAL2
silicon stations SM1 SM2
CEDARSs 009 RPD \ / DD / 1
I I I | o e e T T | IS o | _—— ,,, ,,,,,, o
TR e .
C/Ni/W targets DD

spatial resolution of tracks ~10um
angular resolution of photons ~30urad
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@ ECAL2: 3000 cells of different types m

Technische Universitat Minchen

J. M. Friedrich — Pion Polarizability at COMPASS 13/31



Intro: Pior hPT  Pion Polarisability More Primakoff Summary and Outlook

ECAL2: the quest for precision L
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Figure 3.5: Profile of energy deviations shown  Figure 3.6: Technical drawing of a full
for 1/4 of a shashlik block and for muon data  shashlik cell to be compared with the

photons within the range 133GeV < E, < figure to the left.
152 GeV.

from: Th. Nagel, PhD thesis TUM 2012
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@ Extraction of the pion polarisability L
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@ |dentify exclusive reactions
TV {Ni—Ni’'} —> TY

at smallest momentum transfer < 0.001 GeV?/c?

@ Assuming ar + B» = 0, from the cross-section

R — a(xy) _ Nimeas(X+) -1 _ 9 m?,. X5
UaﬂZO(X’Y) NSim(X'y) 2

is derived, depending on x, = E.(ap)/ Eeam-
Measuring R the polarisability o, can be concluded.

. Friedrich
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@ Extraction of the pion polarisability L

Technische Universitat Miinchen

@ |dentify exclusive reactions
TV {Ni—Ni’'} —> TY

at smallest momentum transfer < 0.001 GeV?/c?

@ Assuming ar + B» = 0, from the cross-section

o(Xy) _ Nieas(Xy)
Tar=0(Xy) Nsim(X+)

R =

is derived, depending on x, = E.(ap)/ Eeam-
Measuring R the polarisability o, can be concluded.

@ Control systematics by
Y {Ni—Ni'y— Y
and
K™ > 7= myy

J. M. Friedrich — Pion Polarizability at COMPASS 15/31
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@ Identifying the mv — 7~ reaction T
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Phys. Rev. Lett. 114, 062002 (2015)

TN - TyNi
—+— data
— simulation
(normalised)

counts/ 250 MeV
N N
o
o
o

=
ul
o
(@]

T T TT T[T T[T T T

AE [GeV]

@ Energy balance AE = E; + E, — Egean
@ Exclusivity peak o ~ 2.6 GeV (1.4%)
@ ~ 63.000 exclusive events (x, > 0.4) (Serpukhov ~ 7000 for x, > 0.5)

J. M. Friedrich — Pion Polarizability at COMPASS 16/31
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@ Primakoff peak T

Technische Universitat Miinchen

Phys. Rev. Lett. 114, 062002 (2015)

% r T Ni - TyNi
M —+— data
5 8000:’ — simulation
~ i (normalised)
< 6000
12}
5
8 40001
2000

=

T 015 02 025 03
Q| [GeVI/c]

@ AQr =~ 12 MeV/c (190 GeV/c beam — requires few-urad angular resolution)
@ first diffractive minimum on Ni nucleus at Q ~ 190 MeV/c
@ data a little more narrow than simulation — negative interference?

J. M. Friedrich — Pion Polarizability at COMPASS 17/31
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@ Primakoff peak: muon data mm
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Phys. Rev. Lett. 114, 062002 (2015)

L L COMPASS 2009
% L M Ni - g yNi
= 8000 —+ data
E — simulation
N (normalised)
~ 6000
1)
c
>
8 4000

2000

L

L E\ M L PRI R
005 01 015 02 025 03
IQI[Gev/c]

@ muon control measurement: pure electromagnetic interaction
@ e.m. nuclear effects well understood

. Friedrich
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@ Photon energy spectra for muon and pion beam T
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Q [ —+— u datax2
g 8000:— — u simulation
2 6000
9]
° C
4000~
2000~ 7 data
 — m simulation
S
< or ettt
0?-'\--\.-*‘*\—\--\.-\*‘\\\\‘\\\‘\\\\‘\
0.4 0.5 0.6 0.7 0.8 0.9
Xy

Phys. Rev. Lett. 114, 062002 (2015)
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@ Pion polarisability: COMPASS result m
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T

.
o
5

o
a
o
3

ar = (2.0 + 0.6ga) x 107*fm®

(assuming ax = —fBx)

muon beam “false polarisability” from muon data:

(0.5 £ 0.5ga) x 10~ *fm®

Phys. Rev. Lett. 114, 062002 (2015)

05 06 07 08 09

N
N
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@ Radiative corrections (Compton scattering part)

EKEC
YL«

radiative correction [%]

Intro: Piol ChPT Pion Polarisability

More Primakoff

15 T T T T T T T
1 muon Compton scattering: p“+y > H+y
0.5F
A=38Mev e
s T T
1F IS >
-15F e
-2 7 -= s®-om
LT ——=§%=am
25F e 2= 4m
P e
) S $2=5m
35 | | | | | | | | |
1 08 -06 -04 -02 O 02 04 06 08
cosB,,

Nucl.Phys. A837 (2010)

ion Polarizability at COMPASS

Summary and Outlook

rediative correction [%]

Eur.Phys.J. A39 (2009) 71

T T T
1 pion Compton scattering: TT+y --> TT+y
0sf
A=5MeV .
0 —— == =
05f— T /,/—” ’
-1F T -
15077
2F e
25F T
a3k
-35 Il Il Il Il Il Il Il Il
1 -08 06 -04 02 0 02 04 06 08
z

mm
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@ Technische Universitat Miinchen

estimated magnitude

source of systematic uncertainty CL — 68 % [10*4fm3]
= 0

determination of tracking-detector efficiencies 0.5
treatment of radiative corrections 0.3
subtraction of =° background 0.2
strong interaction background 0.2
pion-electron elastic scattering 0.2
contribution of muons in the beam 0.05
quadratic sum 0.7

Friedrich Pion Polarizability at COMPASS
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@ Technische Universitat Miinchen

estimated magnitude

source of systematic uncertainty CL — 68 % [10*4fm3]
= 0

determination of tracking-detector efficiencies 0.5
treatment of radiative corrections 0.3
subtraction of =° background 0.2
strong interaction background 0.2
pion-electron elastic scattering 0.2
contribution of muons in the beam 0.05
quadratic sum 0.7

COMPASS result for the pion polarisability:

lar = (2.0 £ 0.6sm £ 0.755) x 1041’ |

with o, = — 3, assumed

J. M. Friedrich — Pion Polarizability at COMPASS 22/31
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@ Pion polarisability: world data including COMPASS T
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world avg.: 7.5+ 1.6

- -
é S0 Xz
- r
S I PACHRA \ Bebusci —t Serpukhov  2.70
~_ 40 Lebedev __PLUTO, DM1 —— = PACHRA 091
@ [ yp-yren ~Iom2, Mark i — MAMI 1.43
L Wy - COMPASS 3.09
[ sigma 8.14
[ Serpukhov Fil'kov =
Lz CL=0.04)
D TZ-TyZ MAMI VY —T0T0 ( )
r yp-ymn
- Kaloshin * COMPASS
- yy - TeTe 7o yZ
GIS'06 i
P T S P A I I R I O I [ I !
1980 1985 1990 | 1995 2000 2005 2010 2015 0 5 10 15 20 25 30 £
Donoghue year of publication GIS (2006) an-B/ 10 fm*

Mark I1

@ The new COMPASS result is in significant tension with
the earlier measurements of the pion polarisability

@ The expectation from ChPT is confirmed within the uncertainties

ion Polarizability at COMPASS
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@ Dispersion relations and ChPT m
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] Polarisability and Loop Contributions z=-1.0

g F ~
o o~
o - il
B©1.05— E
~ 2
1 :
0.95/— e e
[ ---- LEX a=B=2.00 ' ROV SO
09—
- == LEX + chiral loops
L == DR [B. Pasquini]
0.85 B _ —LEX(a=2)+chiral loops “‘.‘
ot e
1 15 2 2.5 3 35 4 45 5 5.5
sim,,

DR calculations: Barbara Pasquini (Pavia)
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@ Pion polarisability on the lattice m
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T T T 047 (r T T T T
O my(sea)=306 MeV t
af 046 ]
v my(sea)=227 MeV
> Detmold 390 MeV/ o0ssf g
- 3f i H i
N by ; RESEH NN O
e ?r g 1 r v ' T
SRIRA RN IR
s I
£ f i
1, + o4zt * latlice QCD
T T onl it model ]
-1 0.40
200 250 300 350 400 o 10 20 30 40
my{MeV] va

FIGURE 3. Left: electric polarizability for the charged pions as a function of the valence quark mass. The data for mz = 390MeV
is taken from [5]. Right: effective mass for a charged pion correlator together with the scalar particle correlator determined from the
fit. The fitting range is indicated by the vertical bars.

Alexandru et al., Pion electric polarizability from lattice QCD, arXiv:1501.06516
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@ Pion polarisability at COMPASS: further efforts

— Ty
E./E 0.4
Primakoff |-63k events v/ Etean >
pilot run 0.3X, Ni Primakoff
2004 run 2012
{ i >
Primakoff Time
~10k events | run 2009 ~200-400k events
0.5X, Pb 0.3X, Ni
just seen
212
P =22 (an — Br) + m4 z+(a7r ¥ Ba)— %Zi(ug — )

Z;t == 1 :I:COSecm
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&2 Transition to GEANT4 m
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1-3gaant. wab. carm.ch

TGEANT

& Geant4 bazed COMPATE- experiment

SAS MCALZ

@ COMGEANT: original
Monte Carlo Simulation
for COMPASS based
on GEANT3

@ Since 2012 efforts to
upgrade to C++ based
on GEANT4

oy su1 LAS
y
b & CAMERA

riedricl Pion Polarizability at COMPASS
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@ Transition to GEANT T
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12000—

TGEANT

10000 ——— COMGEANT

counts/1 MeV/c

8000

6000

4000

2000

|
0 0.02 0.04 0.06 0.08 0.1
QI [Gevic]
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@ Primakoff reactions accessible at COMPASS m

Technische Universitat Miinchen

Access to m +  reactions via the Primakoff effect

T+

T+

= +7°/n

7 + 70 +a°
I

I R R S
W AR ooo

analogously: Kaon-induced reactions K~ +~v — - - -

Pion Polarizability at COMPASS
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@ Neutral-Pion Lifetime mm
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@ explorative study with 2009 data on “double tungsten” target
@ ongoing study with 2012 data on “(side-)segmented tungsten” target
@ best future opportunity: measure =° decays
w0 =y and w5 yete
from the (exclusive) 7~ =° final state
on a double tungsten target with varying distance

@ inspired by and extending the
1980’s “CERN direct measurement of the #° lifetime”

@ complementary to the PRIMEX measurement

J. M. Friedrich — Pion Polarizability at COMPASS 30/31
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@ Summary and Outlook m
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@ Measurement of the pion polarisability at COMPASS
@ Via the Primakoff reaction, COMPASS has determined

ar = (2.0 + 0.6gtat + 0.7gyst) x 107#fm? LIGHT UNFLAVORED MESONS
(5=C=B=0)
@ most direct access to the 7y — 7y process ot S ST R
o Most precise experimental determination
e Systematic control: uy — wy, K= — 7~ a0 z
@ Related topics at COMPASS: radiative widths and e
chiral dynamics in 7~y — 7~ #° and 7y — 7w . ““éj

reactions
@ High-statistics run 2012

@ separate determination of ar and 5,
e s—dependent quadrupole polarisabilities
o First measurement of the kaon polarisability

x* REFERENCES

We have omitted some Japers that have been superseded by Iate exper

riedricl Pion Polarizability at COMPASS
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@ Thank you for your attention! m
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@ Photon-photon fusion process vy — 7 a~ m
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@ Planned measurements at ALICE and JLab

2ra’

70i(®) = Sme
3

. m
C(S) = ﬁ"ﬂ

{[4 + 8+ 8|C(3)[7]4/3(8 — 4)

0.1 total cross section yy-->m'T
0 1 | 1 L L
2 2.5 3 35 4 4.5
1”7
s [m]

ich — Pion Polarizability at COMPASS

courtesy Norbert Kaiser (TUM)

limited sensitivity to the
polarisability contribution




@ Cross Sections for #=~ — ... m
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@ Pair production and 7° lifetime m
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Compass projected pair probability
t_1=25u,t 2=50u W targets

710°

510°
c
K]

a 310°
=
[}
aQ
>
=
=
©
o)
<}
2
%

10°

810"

610"

0 50 100 150 200
p_pi0(GeV)
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@ 2004 Primakoff results mm
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7~ Po—=Pbrn™ n wt

_ x10°
2 j5irPb > TTTPh COMPASS 2004
> =
= 30i Ranges in t’ (GeV?/c?)
g E [ Jane
g 250 | PP
2 200 Bl 0% <e <10?
F B 02<e <10?
15 Cloi<e<1
10i Bt >1(x5]
0.5 1 1.5 2 2.5 3
Mass of TRt System (GeV/c?)
@ "Low t”: 1073 (GeV/c)® < ' < 1072(GeV/c)®>  ~ 2000000 events
@ “Primakoff region”: ¥ <107%(GeV/c)?  ~ 1000000 events

. Friedrich on Polarizability at COMPASS 37/31



@ Chiral dynamics in 7y — 37 m
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7 T T T T T T
. total cross section: Ty --> U (T 1 total cross section: Ty --> T
3- 1
5 A
¥
— // =
g4r 0 EFs #
z — ==~ tree approximation Pl 8 /,
o 3 with chiral loops+cts 7 = o g
/// I
2- % 7 1 e —
/,d’r
1k B o
| | == | |
° 4 5 6 ° 1 5 6
s [m) s m)
T 12F e TNi - T0Ni (COMPASS 2009)
g +°F compass2004 T F Ampl( ((PT)" )
-~ [y - et N »
S 10 frommePb . mrtTePh E
08E ¢ Fitted ChPT Intensity o 2 *
“®F -+ Leading Order ChPT Prediction N @
06F jg P \V\"‘
F 2 \\§
04F & ?\6\;
E Full Systematic Error o8 ?
021 - I
[ . ot
L e =
00045 05 055 0‘5 : 1‘5 : 25

2
my, (GeV/e?)

published in PRL 108 (2012) 192001 normalization: analysis ongoing
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@ Chiral dynamics in 7y — 37

Dalitz plot for = =°%"

Reduced Dalitz piot for x ="="

mm
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Reduced Dalitz piot for x =°="

1eev
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@ Radiative Coupling of a»(1320) and 72(1670) L

Technische Universitat Miinchen

X
&
N &

X
v 2rs COMPASS2004| b 14f COMPASS 2004
S [ 2™1pnD 2 L4r2*1f,ms
3 TtPb — TETTTEPD 3 F 2 TtPb  TCTETtPD
% 10+ Oprim{ Oay = 0.97 ' < 0,001 Gev?/c? = 121 Opriml Oar = 0.95 t' <0001 Gevc?
F [ Toa-mw) g [T,y
S 8- =293kev S 1 =153kev
2 % 2 F
L = L
- C - 0.6
4 r
L 0.4
T 0.2F
OT et Y oles G: )
0608 1T 1214 1618 2 2224 0608 1 12 14 1618 2 22 24
m,, (GeV/A) my, (GeV/c®)
Fo(a2(1320) — 77’}/) M2 ro(’/Tz(1670) — ’/T’\/) E2

& meson w.is: T o | (W] e @7 &. 5|w) |2, VMD
@ normalization via beam kaon decays
@ large Coulomb correction

published in EPJ A50 (2014) 79
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@ Charge-exchange reactions and radiative widths T

Technische Universitat Miinchen

@ does (charged-)pion exchange play a role at COMPASS collision energies?
@ search for Z; photo-production:

Jhy
J/ Z;
_Y ln'm””m'm \Il C 'Y AAAAAAAAA J/\V

™
T pomeron

.
n

@ a, photo-production via pion exchange:

-
. A

n* ™
p n

@ constrain contribution from pionic trajectory
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mm

@ Coulomb-nuclear interference

Photon density squared form factor

0.5

=
UL I R B

0.25
q [GeVic]

0.15

=
o
=3
a
=}
-

@ calculation following G. Faldt (Phys. Rev. C79, 014607)
@ eikonal approximation: pions traverse Coulomb and strong-interaction potentials
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@ About crossing m
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» red hatched:
physical regions
Y+y—oTnm+T
Y+T—=y+T

» two-pion thresholds
at s=4m2, u=4m2,
t= 4m3r

» DR integration paths
t = 0 (forward),

6 = 180° (backward)

— 2 c— 2
u=mg, s=mg, ...

06  -04 -02 0 0.2 0.4 0.6

from: D. Drechsel, talk at IWHSS 2011 Paris
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&3 Polarisability effect (LO ChPT values) m
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loop effects not shown

- - - 0= 3.00, B = -3.00

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
002755 06 -04 -02 0 02 04 06 08 1

cos @,




@ Polarisability effect (NLO ChPT values) m
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loop effects not shown

---a,=3.00, B = -2.86

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
002755 06 -04 -02 0 02 04 06 08 1

cos @,




@ Polarisability effect with “wrong-sign” o, + 8 <0 m
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loop effects not shown

---a,=3.00, B = -3.14

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
002755 06 -04 -02 0 02 04 06 08 1

cos @,
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@ Polarisability effect (Serpukhov values) m

loop effects not shown

do /dQ,, [pb]

L - -0, 6.10,B = 6.10

I‘.-I'".IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
002758 06 -04 -02 0 02 04 06 08 1

cos @,




@ Pion Polarisability: Experimental Techniques TI'ITI
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@ Radiative 7™ production on the proton:
Yyt — Ty Viayp — nr' 4]

Mainz (2005) measurement: ar — 8 =11.6 £1.5+3.0+0.5
“+0.5”: model error only within the used ansatz,
full systematics not under control

@ Primakoff Compton reaction:
YT — Ty lViarZ — Z7~]

tiny extrapolation v* — v O(1073m?2)
fully under theoretical control

[N. Kaiser, J.F., Nucl. Phys. A 812 (2008) 186]
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@ Minimum transverse momentum of the charged particle T
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1000

S 3000 . TENi = 70y Ni
= e —+ data

5 2500 — simulation

N F (normalised)

3 2000

oy E

3 15001

5] F

0.3
P, [GeVic]

0 01 02

J. M. Friedrich — Pion Polarizability at COMPASS 49/31




@ CM energy in my — L

Technische Universitat Miinchen

% F —— S
N C T Ni - 1 yNi
22500: —+— data
£ — simulation
w 2000:* (normalised)
a r
S 1500
8 ¢
1000~
5001~
0 0203040506070809 1
My, [GeV/c]

@ p contribution from 7y — 77°
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@ Exclusivity vs.

30

20

10

E'+E,-Ex[GeV]

o
TT T T [T T T[T T T[T T T T[T T T [TrTT

1702 o

@ p contribution from 7y — 7

. Friedrich

3 04 05 06 07 08 09 1

0

COMPRASS 2009
TENi - 10y Ni

-

events/ ( 10 MeV/c? x 500 MeV )

my, [Gev/c]

mm
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mm
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@ Mandelstam {s,t} <> Laboratory {E,, 6}

for my — wy

Vs /Im,,

02 04

=
AN
.
o
0
.
o
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@ Cross section

CIE o N R i isakial gk =1
[ 3 \%
i i 1 ®

5' ‘?\0 oa'éo' I .°

2 — 10"

4 L=

°s, ]
Oy

3: IK?'%

I ‘o, % -2
i 4, gy 10

M\\e 2

- 4 3

2l X &

1 T e e e e e e e e e o ] o ] ) ] o e e i e e e 10—3
-1 -08 -06 04 -02 O 02 04 06 038 1

cos B¢y
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@ vy — nw and the pion polarisability mm
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M.R. Pennington in the 2" DA®NE Physics Handbook,
“What we learn by measuring vy — 7 at DA®NE”:

All this means that the only way to measure the pion polarisabilities
is in the Compton scattering process near threshold and not in vy —
ww. Though the low energy vv — = scattering is seemingly close
to the Compton threshold (...) and so the extrapolation not very far,
the dominance of the pion pole (...) means that the energy scale for
this continuation is m,. Thus the polarisabilities cannot be determined
accurately from v+ experiments in a model-independent way and must
be measured in the Compton scattering region.
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@ 2004 Primakoff results mm
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7~ Po—=Pbrn™ n wt

5 | 057 COMPASS 2004
L‘; F Pb —» tt'Pb
o) L
e
5104;
ZF
10°
v v b b b b b e

G I I B
10 0 0.010.020.030.04 0.05 0.06 0.07 0.08 0.09 0.1
Momentum Transfer t’ (GeVZ/cz)

@ "Low t”: 1073 (GeV/c)® < ' < 1072(GeV/c)®>  ~ 2000000 events
@ “Primakoff region”: ¥ <107%(GeV/c)?  ~ 1000000 events
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@ 2004 Primakoff results mm
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7~ Pb — P

g COMPASS 2004
210
5; Pb - nntPb
£ . PWA of
=
z a1(1260), a2(1320)
contributions
10° in t slices
b b b b b b b b
1020 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Momentum Transfer t* (GeV%/c?)
@ "Low t”: 1073 (GeV/c)® < ' < 1072(GeV/c)®>  ~ 2000000 events
@ “Primakoff region”: ¥ <107%(GeV/c)?  ~ 1000000 events
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@ PWA: a1, a> and A® in separated t' regions m
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x10°
S . F COMPASS 2004
3 160F TP - TCTETCPD
S 140 0.0015 <t < 0,01 GeV/c*
2 120; ‘ t <0.0005 Gev3/c?
F o 7 100
3 8o . 70 pns g FA® (271 pnD - 170" priS)
T e[ 3 2 5oL HH
C ° C
405 ' Yy Oi QH
20; . . % C ‘
QEawdieaiiry RETIN I C T TOVA o E ot “
0508 1 12 14 16 18 2 22 24 50
Mass of TeTtTt System (GeV/c?) E | {
- s -100 NG, H
s + meo L wnes | gm0l it ‘ COMPASS 2004
2 s 00015 <€ <0016V F } b TTPb - TOTT
E t'<0.0005 Gev /e C I . 2
g = + 200 * W t FSvombyad
2 4F t r '
‘@ E f _250TwwMwwMwwMwwMHMHMHMHMHMHM
2 oa . 27 oD 06 08 1 12 14 16 18 2 22 24
T b ! : Mass of TeTeTt System (GeV/c?)
na b
05 fooattt ot ere

06 08 1 12 14 16 18 2 22 24
Mass of TeTtTt System (GeV/c?)
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@ Phase a, — ay in detail: t' dependence

mm
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x10°
0165 10 prs COMPASS 2004
d TR ST 3 ,F 4@ D170 prs)
1.26 <m, < 1.38 GeV/c ‘5‘0 L +
Q r —t—
) rC —
[ ~ =200
0.08 2 r -
£ —— < =
0.06 £ 40 e
004 T r
E 60~ —
0.02¢ - o E COMPASS 2004
E <107 r
2T e TS TI0 12 14 16 18 20 =801~ o 7 Pb —» nwTPb
Momentum Transfer t’ (GeVZ/c?) £ £ <0.02 GeV/c?
L10° -100 1.26 <m,; < 1.38 GeV/c?
208" 2% pr D COMPASS 2004 n
18§ 7Pb —s TP —lZOi‘HmHmH\HmH‘\H‘\H‘mumumu><10’3
16F £<002GeVYE | 0 2 4 6 8 10 12 14 16 18 20
E 1126 <M < 138 GEVIE Momentum Transfer ¢ (GeVZ/c?)
@ transition of 7+ to w/P — a» production
8
6 @ work in progress
4 . .
- ) @ interference can be used to map details of
R T e e P T-aaaee ol resonances and production mechanisms

Momentum Transfer t” (GeVZ/c?)
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@ Primakoff production of a1(1260) vs. E272 result T
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x10°
< F COMPASS 2004
3 e 1 TPb — TTCTCPD § [ COMPASS2004 A0 (2T pnD-I°T pris)
s E <0001 Gev/c O 250 tPb  TITCTPD
g sb * § E t<0001Gevic? }
= E ~ 200F it
2 4 * g £ AR
E - +
S * | T pniS & 150F !
2F b f E )
S L (I o e
1 F
E Hop o H i+
OTH\‘H*\‘H\H‘\H‘\Hm""""\u..wn\u.u = *‘1
06 08 1 12 14 16 18 2 22 24 '50%‘m"m‘m"H\H‘mumumumumum
Mass of Trrmt” System (GeV/c’) 06 08 1 12 14 16 18 2 22 24
Mass of T(TeTT System (GeV/c?)
B 350 A0 (LI pns-170"pns)  COMPASS 2004 c o
2 E TPb — T Ph T T T sit T ! T
g 300 <0.001 Gev/c? ’:’ 00
s S0 ) % s00} 1 .
E 20fNo evidence for a;(1260) — 7, £ 250 WM TN
200; \ ot = ¢(I'si-0'P0")
E o 180 r 1
= o S |
= N 3 !
100 t ty + d =~ 140\ ! |
E XTI & L { * J
50/ & ool 1 i
Cov v b b b bvw e bv v Lo b b w by L L 1 I 1 1
06 08 1 12 14 16 18 2 22 24 o 12 14 o l2 la
Mass of (T System (GeV/c) Msr [Gev]

M. Zielinski et al, Phys. Rev. Lett 52 (1984) 1195
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@ BACKUP: Partial Wave Analysis Formalism T
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@ Mass-independent PWA (narrow mass bins):

Cimaep(r M) = 5 555 Tere (2 (r, m) /\JJ @) Raes/f v (e, mRar

e=t1r=11] i

2

Production strenght assumed constant in single bins
Decay amplitudes <; (7, m), with ' dependence £ (t')
Production amplitudes T;; — Extended log-likelihood fit
@ Acceptance corrections included

@ Spin-density matrix: pj = Z T T

— Physical parameters:
Intens? = p§,
relative phase ¢

Coh ;= /(Re pj)? + (Im p})? / /75

o Mass—dependent Xz-fit (not presented here).

o X parameterized by Breit-Wigner (BW) functions
e Background can be added
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@ Mass dependence of the diffractive slope m
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ok COMPASS 2004

Q

= 500% 7T Pb —» T TPb

L]

¢

o° F

é 3001

2 200

8 -

£ 100f

[a] C
07A1\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\1\

06 08 1 12 14 16 18 2 22 24

Mass of Tttt system (GeVIcd)
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@ Partial Wave Analysis Formalism m
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Isobar Model

7 ~(beam)
K

€ = +: natural

7 ~(bachelor)

@ Isobar model:
Intermediate

parity exchange
2-particle decays

@ Partial wave in
reflectivity basis:
JFCMe[isobar]L

€= —: unnatural
parity exchange

target recoil

@ Mass-independent PWA (40 MeV/c® mass bins): 38 waves
Fit of angular dependence of partial waves, interferences

o Mass-dependent X2-fit (Not presented here)
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@ Major intensities in m(3)-bins (acceptance correctegc)mmum“-m

itat Miinchen

120x103 x10°
C r COMPASS2004| G | oF ; COMPASS 2004
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@ L 2 10k
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= E = 8 t
2z 60F a (1 260) § £
50k } C .
53 E 10" prtS 6 2**1 Spin Total
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30F ) A
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10 ‘ L , "
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ion Polarizability at COMPASS



@ PWA of data with low #’ mm
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Intensity of selected waves: 0~ 70" #,(980)xS, 1770 pxrS, 2771 prD, 2~ 0" £(1270)7 S

~ e o x10f
o E COMPASS 2004 + 070" f(980)m S| ‘o 0.2F 0" pnS -, COMPASS 2004
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2 E > r
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0.55 . " 2r K [
0}‘\”mHm.‘umHmH\"""'\"‘""T"""'T"""'T"' (‘T\Hm‘H\Hm.‘."mumumumum'u'o--
06 08 1 12 14 16 18 2 06 08 1 12 14 16 18 2 22 24
Mass of T+ System (GeV/c?) Mass of T+ System (GeV/c?)

ion Polarizability at COMPASS



@ Spin Totals for ' < 103 (GeV/c¢)? m
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”"Spin Totals”: Sum of all contributions for given M (i.e. z-projection of J)

t'-dependent amplitudes:
Primakoff production: ~ M=1: o(t') e Preimt _, arises at t' ~ 0 (resoluted shape!)
Diffractive production: ~ M=0: o(t') o e~ Pairr(m?’

M=1: o(t') o t'e Pase(™M! _; vanishes for t' ~ 0

o x10° . x10
o 012 o COMPASS 2004 | o 40 4 COMPASS 2004
% F L Pb o TTPh| B £ 4 " Pb —» TP
= 0.1 ' <0.001 GeVc E 12:7 © <0.001 GeV/e?
% L I . +
< 0.08- . < 10p bt
S . z o f TR
Z F 'z 8 ++ t
g 0.06- . g E ¢ )
Bl E . M=0 Spin Total = 6 f M-=1 Spin Total
0.04— . r +
L . . 4- * it
C cee C 4 4
0.02— . ‘. E . 4,
F o e 2; K ’tu“'
Qlasts W | | | | | IAASL LTYYTIN Oiﬂv‘ | | | | | I, la%essacnnia
06 08 1 12 14 16 18 2 22 24 06 08 1 12 14 16 18 2 22 24
Mass of Tt System (GeV/c?) Mass of Tttt System (GeV/c?)
M=0 M=1
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@ Theory: Phase a»(strong+Coulomb)-a (strong) L
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13 o A @71 pnD - 170" p S)
i & n [ —
B —t
13 20
= 1 2 £ -+
= ] £ 40 W
2 \ﬁ L
£ ] 60—+
E E COMPASS 2004
] -801— + T Pb — nww'Pb
B £ © <0.02 GeV/e
Bl -100~ 1.26 <m,, < 1.38 GeV/c]
150 | | B “120f% L X107
0 0.003 0.006 9.009 0.012 0.015 0 2 4 6 8 10 12 14 16 18 20
q[2 [GeV7] Momentum Transfer t’ (GcVZ/cz)

Glauber modell
G. Faldt and U. Tengblad, Phys. Rev. C79, 014607 (2009)
Plot: N. Kaiser (TU Miinchen)

= indicates confirmation of interference Coulomb-interaction - strong interaction
= detailed studies of the nature of resonances
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@ Primakoff contribution at ' < 1072 (GeV/c)? m
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Primakoff: (') oc e %im! | bpin A~ 2000 (GeV/c)~2 (mainly resolution)
Diffractive: o(t') oc e bt bgitr =~ 400 (GeV/c) 2 for lead target

r COMPASS 2004
7 Pb —» nwwPh)
' <0.01 GeV%/c?

Events

10°

10*

el e bl LIX1078
4 5 6 7 8 9 10

Momentum transfer t* (GeV?/c?)

T
s
W

(Mass) spectrum of this Primakoff contribution?
= Statistical subtraction of diffractive background (for bins of ms)
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@ Higher-order effects mm
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L e e N e A T T T
6 total cross section: Ty --> T T 4 [ total cross section: Tty --> e’ ]
[ ] 3 *
5 A [ 1
[ /] L ]
T af S = T 1
=0 S Ex g
5 [ ———~ trecapproximation Pl ] = T 1
o 3 with chiral loopstcts| e b o T 9
[ A 1 r 4
7 ;
[ 1 L P ]
r ~ E - e B
L ] [ g ]
T ] — ]
£ ] [ == ]
O3 4 6 7 03 4 6 7
&2 m] & im]
. .. 0 P .
Chiral loops, e.g. s~ L=l
. e
(N. Kaiser,
NPA848 (2010) 198)
Pb Pb




Measured absolute cross-section of 7~y — 7~ 7 7"

el LT T 12F
=X, = - COMPASS 2004
g = C Tty - 7T +
S 10 frommPb - TP
i . 0.8F ¢ Fitted ChPT Intensity -
R G I+ Leading Order ChPT Prediction +
N B ’
%’ " 0.6
0aF +
i \\~\ — W: 0‘2; ---- + FuII—S\—/s—einftiC,Error
::::\ " e o _____-—-"'T_aminosityUncerlainly
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0.45 0.5 0.55 0.6 0.65 0.7
m,, [GeV/cd]

published in PRL 108 (2012) 192001
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mm
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Partial Wave Analysis
Isobaric Model — Chiral Wave

e x10° ©Ni —» T n°n’Ni (COMPASS 2009) . x10° T Ni - T '1°Ni (COMPASS 2009)
% Ampl( (PT)L ) O Ampl( ((PT) )
> 25- > 16
R )
= = e
g - g f ol
3 3 P ! sh
< c o8 \
A : W
IR moos ?‘e\,
04
05 ok |1 ?
0 o
05 o s 2 25 05 T 75 2 25
my (GeV/c?) my (GeV/c?)
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Partial Wave Analysis
Chiral Model - Amplitudes

x10° 7 Ni - T °Ni (COMPASS 2009)
Ampl( OPT);,)

Events / (40 MeV /c2)
%
A

05 1 e 15 ! 2 25

my (GeV/c?)
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Events / (40 MeV /c2)

x10”

\“\\*

mm
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T Ni - T '1°Ni (COMPASS 2009)

Ampl( GPT);,)

S

B 25

my (GeV/c?)
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