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@ Chiral Perturbation Theory vs. Experiment T

Technische Universitat Miinchen

@ pion scattering lengths: 2-loop predictions

e alm; =0.220 +0.005 confirmed by E865 in T
Kt - ntn—etue
o (& — a2)m, = 0.264 & 0.006 confirmed by NA48 in
0.268 + 0.010 K+ — mt 7070 " T

@ pion polarisability: electric o, magnetic S

e contribution to Compton scattering Y Y
o ChPT prediction obtained by the relation to
7'(Jr — e* Vg7 [Gasser, Ivanov, Sainio, Nucl. Phys. B745, 2006]
ar+ 6. = (0.240.1)-10~*m? n n
ar —Br = (5.741.0)-10"*m?®

r (2.940.5)-10*m?
@ ChPT prediction contradicting the experimental

findings (prior to this analysis)
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@ MO re pion -phOto n reaCtions Technische Universitat Minchen

@ Pion scattering including a real photon

T
e Leading-order prediction from ChPT ! o0
«» pion scattering lengths L
- -

o chiral loop contribution
theory prediction available, no measurement

@ Chiral anomaly Fs,

o established on 10% level Y n
o further development: inclusion of the p resonance

theoretical work by Kubis, Hoferichter, Sakkas

PRD86(2012)116009 o <
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@ ChPT prediction for the pion polarisability L
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Tty =T+

Compton cross-section contains information about e.m. polarisability
(as deviation from the expectation for a pointlike particle)

polarisabilities ar, Br [107* fm®]

ChPT (2-loop) prediction: a.x — 8- = 5.7+1.0 or + B = 0.16

experiments: 4 — 14 (Br = —ar assumed)
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@ ChPT prediction for the pion polarisability L

Technische Universitat Miinchen

Tty =T+

Compton cross-section contains information about e.m. polarisability
(as deviation from the expectation for a pointlike particle)

E B
polarisabilities ar, Br [107* fm®]
ChPT (2-loop) prediction: ar =293, B =-277
experiments: 2-7 (Br ~ —ar assumed)
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@ Polarisability effect in Primakoff technique T
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Primakoff measurement technique

@ Charged pion traversing the
nuclear electric field
o typical field strength at
r=5Ry: E ~ 300kV/im
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Primakoff measurement technique

@ Charged pion traversing the
nuclear electric field
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@ Pion Compton Scattering m
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Ty = Ty

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

dowy, _ (P +mz2)  ami(s—m)
dQm  S(Szy +m2z_)2  482(szy + m2z_)
2 2\2
_ 2 _ i 2 - (Sf mw) 3 o
P — z—(aﬂ' 67\')+ mi Zf(aw S /87\') 245 Z—(OCZ 62)

Z+ =1+ cosbcm
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@ Pion Compton Scattering m

Technische Universitat Miinchen

Ty = Ty

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

dowy, _ (P +mz2)  ami(s—m)
dQm  S(Szy +m2z_)2  482(szy + m2z_)
2 2\2
_ 2 o i 2 - (Sf mw) 3 o
P — z—(aﬂ' 67\')+ mi Zf(aw S /BT\') 245 Z—(OCZ 62)

Z+ =1+ cosbcm

@ ot(S) rather insensitive to pion’s low-energy structure
@ Up to 20% effect on backward angular distributions of do/dQ2cm
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@ Pion Compton scattering: embedding the process L
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T
Y v
aVaYavavatal gy
T[+
{

Primakoff processes

p n

Radiative pion photoproduction Photon-Photon fusion

J. M. Friedrich — Tests of ChPT with COMPASS
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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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for tructure and pectroscopy

e
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@ mmon uon and rOton pparatus Technische Universitat Minchen
for tructure and pectroscopy

ey, @ secondary 7, K,'p": upto 2.10” / s
s : Nov. 2004, 2008-09, 2012:
hadron spec. & Primakoff reactions

@ tertiary muons: 4-10” / s

I J. M. Friedrich — Tests of ChPT with COMPASS
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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

iedricl Tests of ChPT wit
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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

SM1

Target
RPD

Muon Filter 2

(2004), 2008/09, 2012

\ ' @ 190GeV 7~ beam on nuclear targets (Ni, W)
@ Silicon microstrip detectors for “vertexing”
@ (digital) ECAL trigger

Si Telescope RICH1

ests of ChPT
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@ Principle of the measurement

silicon stations

CEDARs 009 RPD
I I I | o e e m B T | I
TR S
C/Ni/W targets

J. M. Friedrich — Tests of ChPT with COMPASS 11/33
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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?
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@ Identifying the wv — 7~ reaction T
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3 120 COMPASS 2009
= r TTNi - TyNi
8 1; data
a F simulation
1%} C (scaled to data)
g 08[
8 L
8 06
=] ,
= r
04
02F
:/ .M‘.‘ el i U
-30 -20 20 30
AE [GeV]

@ Energy balance AE = E; + E, — Egean
@ Exclusivity peak o ~ 2.6 GeV
@ ~ 30.000 exclusive events  (Serpukhov ~ 7000)

. Friedrich — Tests of ChPT with COMPASS
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@ Primakoff peak

Summary and Outlook

mm
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2wl COMPASS2009
z F : TC (L) Ni - 70 (1) y Ni
E 10° % W scaled to Tt
% 10% T R (\%X\J_,
wk @t
F g i *? !
oF O My
AR LSRN
0 0.05 0.1 0.15 0.2 qz().[ZéeVZ/Cé)].fi

@ Q?-spectrum: photon-exchange peak in first bin

@ muon control measurement:
pure electromagnetic interaction, no polarisability effect

J. M. Friedrich — Tests of ChPT with COMPASS 14/33
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@ Primakoff peak T
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L9000 COMPASS2009
D 5000 TC () Ni - 70 () y Ni
E_7000§ W scaled to Tt
N =
g0
c E
>5000
38 . . (\GN
4000 — m\
= (é\\
3000, @
S O AR EP U e SO
0.1 0.2 0.3 0.4 0.5
q[GeV/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

Friedrich — Tests of ChPT with COMPASS 15/33
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@ Coulomb-nuclear interference

Photon density squared form factor

0.5

=
UL I R B

0.25
q [GeVic]

L
o
o
&
o
[
o
fag
o

@ Calculation following a 2009 paper of Géran Faldt (Uppsala)
@ Eikonal approximation: pions cross Coulomb and strong-interaction potentials

Friedrich — Tests of ChPT with COMPASS 16/33
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@ On the way to polarisability: Photon energy spectrum L
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g 100 COMPASS 2009
S 1400 - W Ni - 'y Ni
5 r data
€ 1200[~ simulation
8 (scaled to data)
1000 Frif
800 - ' ﬂ
F : . \(\'aX
600 — it
F p‘ P,
400 o
200
0 E | | | PR L
04 05 06 07 08 0.9
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@ Photon energy spectrum for the muon case: RD/MC ratio L
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12

F s COMPASS 200
o afd*=064+052x 10*fm W Ni - gy Ni

0.9

RD /MC (scaledto 1)
’;
+
i
-
H-
+
+
-
N
+
=L
(.
—+

N[TTT I rrrr[rrrr]

0.8

0.7

0.6 — P P P P P

0. 0.5 0.6 0.7 0.8 0.9
XV_E‘//Ebeam

@ muon data well compatible with expectation from simulation

@ systematic uncertainty from sources common to pions and muons
~ 0.6 x 107*fm?

J. M. Friedrich — Tests of ChPT with COMPASS 18/33
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@ Photon energy spectrum for pions

To)
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hPT COMPAS Pion polarisability Re:
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E COMPASS2009] § 014 COMPASS 2009
e T Ni - Ty Ni § T TNi - Tty Ni
= data = 012

E simulation T F

3 (scaled to data) 3 o1

a -2

E . 2 008~ .

E ; (*(‘\\(\aXﬂ T ; (’{\\(\ax\J +
E 7 ‘é\\ 006 e, \ +
E ' r @ I 4+t

E . 004 e

F ¢ 002

E\\\\‘\\\\‘\\\\‘\\\\‘\\\ L :H\\‘\H\‘H\\‘\H\‘H\\‘\H\‘\\\\‘\H\‘\\\\‘\H\
4 X 09 %4 045 05 055 06 065 07 075 08 085 09

Xy = By B Xy =By / B
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@ Pion polarisability — preliminary COMPASS result L
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12

COMPASS 200P
0, =1.9+0.7x 10% fm® T Ni » Ty Ni

11

RD/MC (scaledto 1)

b\\\\‘\\\\‘\\\\‘\\\\
o
[6;]
o
o
of
2
ol
[e¢]
o
[{e)
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@ Radiative corrections mm

Technische Universitat Miinchen

@ Vacuum polarization correction

@ electron screening & nucleus form factor correction

@ Coulomb (multi-photon exchange) correction

@ Compton corrections, Feynman diagrams for the muon case:

L&

Friedrich — Tests of ChPT with COMPASS
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@ Radiative corrections mm
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15 T T T T T T T T T T T T T T
- - 1 - - 4
1F muon Compton scattering: p+y --> W +y pion Compton scattering: TT+y --> Ti+y A
0.5 A
05¢ A=5Mev =
g A=38MeV _ - E g O == — . 5
s ST E -7 E S 05} —— """ - g 3
(=3 - 4 4 S - -
= 05 P k4 4 k=1 - K4
B o 5 o
g 150 - E g -15F . L 4
=2 2E PR e I B LE ot —— §%=om | ]
g e RN TP g Pt ——— $%=3m,
- 102 1 =
BT ~ - s°=85m| 4 3, —-- sT=sm | 3
35 | | | | | I | | | E 35 | | | | | | | |
~-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1
cosB, z=cos_

muon case (review): Norbert Kaiser (TUM) Radiative corrections to real and virtual muon
Compton scattering revisited, Nucl.Phys. A837 (2010) 87

pion case: Norbert Kaiser, JMF (TUM) Radiative corrections to pion Compton scattering,
Nucl.Phys. A812(2008)186, Radiative corrections to pion-nucleus bremsstrahlung, Eur.Phys.J.
A39(2009)71

iedricl Tests of ChPT wit
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estimated magnitude

source of systematic uncertainty CL—=68% [10-4im?]
= 0

tracking 0.6
radiative corrections 0.3
background subtraction in Q 0.4
pion electron scattering 0.2
quadratic sum 0.8

Friedrich — Tests of ChPT with COMPASS 23/33
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@ Technische Universitat Miinchen

estimated magnitude

source of systematic uncertainty CL—=68% [10-4im?]
= 0

tracking 0.6
radiative corrections 0.3
background subtraction in Q 0.4
pion electron scattering 0.2
quadratic sum 0.8

COMPASS preliminary:

’O‘ﬂ' = (1.9 £ 0.7gtat = 0.85yst) X 10~ fms‘

. Friedrich — Tests of ChPT with COMPASS 23/33
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@ Pion polarisability: world data including COMPASS T

Technische Universitat Miinchen

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

ests of ChPT
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@ Pion polarisability measurements at COMPASS m

Technische Universitat Miinchen

Nov. 2004

@ recorded statistics (eff. 3 days) competitive to the Serpukhov measurement
@ explorative measurement, proving feasibility

Nov. 2009
@ as shown, publication in preparation

2012

@ COMPASS-II proposal for a high-statistics Primakoff run
@ increase statistics by a factor > 10, uncertainty on o — 8,: £0.8 (ChPT: 5.7)

@ First measurement of polarisability sum o + 5~
expected uncertainty +0.025 (ChPT: 0.16)

J. M. Friedrich — Tests of ChPT with COMPASS 25/33
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@ Primakoff reactions accessible at COMPASS m
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Access to 7 + ~y reactions via the Primakoff effect:

At smallest momentum transfers to the nucleus, high-energetic particles scatter
predominantly off the electromagnetic field quanta (~ Z2)

T+

= +7° /1
7r7+7ro+770

a4+ +at S
T 4+a +at+a 4t
T+ ..

T 4y —

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

J. M. Friedrich — Tests of ChPT with COMPASS 26/33
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@ 2004 Primakoff results mm
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7~ Po—=Pbrn™ n wt

_ x10°
”§ 35/ TPb - T Pb COMPASS 2004
E 30i Ranges in t’ (GeV?/c?)
g E [ Jane
g 25¢ [PPSR
(4 20; B 03 <r <10?
= F B 102<e <10
15 Cloi<e<1
| 0; 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
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@ First Measurement of 7y — 37 Absolute Cross-Section T
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Measured absolute cross-section of 7~y — 7~ 7 7"

e T m 12F
=X, = - COMPASS 2004
g = C Tty - 7T +
S 10[ from rtPb - TrreTtPb
i . 0.8F ¢ Fitted ChPT Intensity -
R G I+ Leading Order ChPT Prediction +
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@ 2004 Primakoff results mm
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@ PWA: a1, a> and A® in separated t' regions m
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@ Phase a, — ay in detail: t' dependence
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@ Summary and Outlook m

Technische Universitat Miinchen

@ Measurement of the pion polarisability at COMPASS
o Via the Primakoff reaction, COMPASS has determined the preliminary value

= (1.9 4+ 0.7stat + 0.8¢yst) x 10~*fm® | assuming ax + B =0

o Most precise experimental determination
e Systematic control: uy — wy, K= — 7~ a0

@ Chiral dynamics in 7~ — 7~ #° and =y — 7wx reactions

e Charged-channel 7y — 7~ 7~ nt tree-level ChPT prediction confirmed,
e Neutral-channel 7y — 7~ 7%= analysis ongoing
@ Resonance properties, radiative couplings

@ High-statistics run 2012

o separate determination of o and 3
o s—dependent quadrupole polarisabilities
o First measurement of the kaon polarisability

. Friedrich — Tests of ChPT with COMPASS
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