PION POLARIZABILITY
AT CERN COMPASS

Murray Moinester

Tel Aviv University
CERN COMPASS collaboration

CE/RW GOMPASY
\

~7_~

6th International Workshop on High Energy Physics on the LHC Era (HEP2016)
Universidad Técnica Federico Santa Maria, Valparaiso, Chile, Jan. 8, 2016



COMPASS

NAS58 experiment at CERN SPS

COmmon
Muon and 2
Proton @P
Apparatus for 1 T
Structure and //
Spectroscopy

20 Institutes/11 counties/~230 physicists

Czech Republic, Finland, France, Germany, India, Israel, Italy, Japan,
Poland, Portugal and Russia

Bielefeld, Bochum, Bonn, Burdwan/Calcutta, CERN, Dubna, Erlangen,
Freiburg, Lisbon, Mainz, Moscow, Munich, Prage,
Protvino, Saclay, Tel Aviv, Torino, Trieste, Warsaw and Yamagata



Dipole pion polarizabilities
probe rigidity of pion’s quark-
antiguark structure.

Dipole moments induced by
gamma’s electric and
magnetic fields during
Gamma-Pion Compton
scattering: d=akE p=pH.



COMPASS Tests of ChPT: Primakoff reactions

Access to m + ~ reactions via the Primakoff effect:

At small momentum transfer to the nucleus, high-energetic
particles scatter predominantly off the el. mag. field quanta (~ Z?)

Compton Scattering T+ Polarizability
T + 70
T 4+ — 7 + 70 + 7V
T +7a 47t or TT— p°
T ...

T+ — T+ 7 q

Low-energy LO deviation from pointlike particle <5 em. polarisability



Pion Compton scattering: embedding the process
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Radiative pion photoproduction Photon-Photon fusion



Equivalent photon method

(Wezzsaecker-Wzllzams approximation)
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Electromagnetzc field of fast charged
particle is similar to a field of

electromagnetzc wave
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Primakoff scattering (pion Bremsthalung) of 200
GeV 1T from virtual photon target is a hypo-peripheral
one-photon exchange reaction. lllustrate via production
of a,(1260), mass m_, followed by a,—Ty. Target Z
Intact with low recoil energy, no FSI, separated from
large p+ meson exchange reactions. Minimal
4-momentum transfer ty to Z. For m_=1 GeV, p,, = 200
GeV/c, 1,=5x10"° GeV/c?, prmin= 2 MeV/c.

Uncertainty Principle: b pr,,= 12 and b ~ 150 fm.
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About 7 X 107 events of Complon effect on pion in the reaction #~ A -+ Ax”"y st 40 GeV/e were detected and for the
first time the charged pion polarizability was obtained o = (6.8 = 1.4) X 1043 ¢m?,

“Serpukhov value”
oy ~7-107% fm?

from the pion
bremsstrahlung spectrum

assuming ar + By =0

f}::"_- — E E Beam



Experimental pion polarizabilities subject chiral
symmetry and yPT techniques of QCD to serious
tests. Major failure - yPT predicts pion polarizability
significantly stiffer than previous measurements, and
most other models. At one-loop level, electric and
magnetic polarizabilities equal and opposite. Two-loop
corrections small. Predictions below.

pion polarisabilities a., 3 in units of 10~ fm”

experiments for ar — 3 lieintherange 4--- 14

0. -, = 57410 ar = 293405
ar 40, = 016+01 B, = -277+05

ChPT (2-loop) prediction:
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COMPASS measures the pion polarizability

The COMPASS eaperimant st CERN has
made Lhe first precise messurament of the
podan calality of the prons - the lightet
compoele particie bualt from geserks
The rouk confirss the expectstion lrom
Lhe kow-eneorgy expatrion of QCD - Lhe
quaeetim fickd enry of the strong inleraction
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e previously pedlinked values, which
ov e mated e pion polencalelity by
meee Uuan & factor of twe

Every compomic s yslem mude (oo
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e of Gax claepe scpuration - e indued
dipole momet - reladad (o the exlemad
fickd by (he polan calility. Asameoere
ol the resporse of 4 comsplen wyiens b an
exlemal foece, polaizaéility is directlly
reluded o the xysiem’s stif oo ageast
defunmalalaty, and henoe the Brnding foece
betwees Uhe constiacnta

The pooe, snsade up of s quoerk and s

sesbiquuark, i the i ghiest obyoct bowd by
the strong force snd has s wize ol sboul
06 10 %m 0AMm) Soldneve s
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# Serpek oy, bt the sl & seeple led &
ondy s inmprocee valoe foe (e polan dxlity
of 6821 dptat) 2 200 ) x 10 *fra
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DOMPASS Joos sow schicvad 2
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Compton cross section

o s= (p+ py)? (squared) CM energy of the my-system

o t={(p—pr)? ~ cosbru

@ [he polarisabilities avr and 3, enter
with increasing s

as aqg — G in backward angles

as aqp + Sy in forward angles (small, but s-enhanced)
as oy — [ with (s — m2)?/s dependence



Pion Compton Scattering
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oy
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@ Two kinematic variables, in CM: total energy /s, scattering angle gy,

dog, (2 +miz2)  amd(s—m?)?

dQm  S(5z: + M2z_)2  4s%(sz, +m2z_)
2 242
P = ..':'E(fft:,T — ,b’ﬂ%—j—ﬁf{ﬂﬁ + Br) — (8 2;2_) ZB_((.I'E — [32)

Z+ =1 £ cosbem
@ o1t(S) rather insensitive to pion's low-energy structure

@ Up to 20% effect on backward angular distributions of do/dQcm



do /dQ,, [ub]

0.02.

Polarisability effect (NLO ChPT values)

loop effects not shown

- - -0, = 3.00, B = -2.86

0 0.2 04 06 0.8 1

cos 6,



Principle of the measurement

CEDARs

silicon stations

2009 RPD

H-i

C/NI/W targets

ECAL1
SM2

Il

[0

Nuclear Instruments and Methods in Physics Research A 778 (2015) 69-115

ECAL2

journal homepage: www.elsevier.com/locate/nima

Contents lists available at ScienceDirect

Nuclear Instruments and Methods In
Physics Research A

The COMPASS setup for physics with hadron beams



Extraction of the pion polarisability

@ Identify exclusive reactions

Y INi—Ni'}y— 7Y

at smallest momentum transfer < 0.001 GeV?/c?

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

o(Xy) _ Nmeas(X+ ) _

R —
T =0 (Xn,-] Nsr'm (x’:f' )

s derived, depending on Xy = Ejab)/ EBeam.
Measuring R the polarisability « can be concluded.

@ Control systematics by
FL7Y {Ni—Ni'} — K7

and
K™ — nn’ — myy



ldentifying the w~ — 7y reaction

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

+i;‘ m Ni—-m yNi
++ —— data

} sunulation

t (normalised)

2500
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@ Energy balance AE = E; + E, — Egeam
@ Exclusivity peak o = 2.6 GeV (1.4%)
@ ~ 63.000 exclusive events (x, > 0.4) (Serpukhov ~ 7000 for x, > 0.5)



Primakoff peak

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



Primakoff peak: muon data

Phys. Rev. Lett. 114, 062002 (2015)
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@ muon control measurement: pure electromagnetic interaction
@ e.m. nuclear effects well understood



Photon energy spectra for muon and pion beam
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Phys. Rev. Lett. 114, 062002 (2015)



Pion polarisability: COMPASS result

1.10E
1.03F

Fuas: ' —4¢ 3
U.953—+ Qr = (20 T D-Bstat] x 107" fm
0.90F- (assuming ar = —f)
0.855
LIS i_mum] bea “false polarisability” from muon data:
1.10
1.05%— (0.5 £+ 0.5stat ) x 10~* fm®

1F#
0.95F Phys. Rev. Lett. 114, 062002 (2015)




estimated magnitude
L=68% [107*fm’]

source of systematic uncertainty C

tracking 0.5
radiative corrections 0.3
background subtraction in Q 0.4
pion electron scattering 0.2
quadratic sum 0.7

COMPASS result for the pion polarisability:

ar = (2.0 & 0.64s + 0.7gs ) x 107 fm°

with aex = — 3> assumed



Pion polarisability: world data including COMPASS

worldave.: 731 1.6
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@ 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



Pion polarisability measurements at COMPASS

4 N\ n’)
E /E 0.4
Primakoff |~63k events % b~
pilot run 0.3X; Ni Primakoff
2004 run 2012
H
Primakoff Lime
~10k events | run 2009 ~200-400k events
0.5X, Pb 0.3X, Ni
just seen

J




Summary and Outlook

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

ar = (2.0 £ 0.6gar £ 0.7gy5t) x 10~*fm?

o most direct access to the my — 7y process
@ Most precise experimental determination
e Systematic control: py — py, K= — m— "

assuming a; + 8 =0

@ (not shown today:) COMPASS measures other aspectes of
chiral dynamics in 7=y — 7~ #° and my — 7w reactions

@ High-statistics run 2012

o separate determination of a; and j3;
e s—dependent quadrupole polarisabilities

o First measurement of the kaon polarisability



Pion Polarizabilities

Murray Moinester, Tel Aviv University
For the CERN COMPASS Collaboration

The electric ar and magnetic P» charged pion Compton polarizabilities provide stringent tests of

Chiral Perturbation Theory. The combination (ar-p») was measured at CERN COMPASS via radiative
pion Primakoff scattering (190 GeV/c pion Bremsstrahlung) in the nuclear Coulomb field:

m—+ 7 —m+ 7+ y. COMPASS data analysis gives a value: e«x = (2.0 &= 0.6qat = O.7syst ) =< 10— 4 fm®
The data were taken in 2009. Higher statistics data taken in 20172 will allow an independent
determination of a» and B», and a first determination of Kaon polarizabilities.

Primakoff Process

(D) (ML) e Muon Filter 2

ldentify m Mi— m Niy exclusive reactions Buon Filter 1
at smallest momentum transfer < L0071 GeV %c? RICHT
S lelescope
Assurmibng dn + e =0, the dependence om ¥y = By f Efean
R = ﬂ"xv: -—1 — 1 . &: a E':' a
Ta, =l Hy E a T my Runs with Hadron Beams 2004, 200809, 2072 Fixed-target experiment
= used to determine the polarizability o 190 GeV m~ beam on nudear targets Two-stage Maqnetic Spe crameter
Tracking: SMD for vertexing High-precision, high-rate tracking.
Control systematics by investigating p Ni—p Niy. K- — nn® Trigger: Multiplicity trigger. (digital) ECAL trigger PID, calerimetry
- a3 _ —4. 3 - world ave - 7.5+ 1.6
= "lax = (20 + 06w ) x 107" i’ PEm—=— i o[ - =
i e =S F PacHRA I e — Serpukhov 2.70
S et e R —— DREA 9%
= asf R | = s0f R COMPASS 3.09
= E t\‘_'-"l-"‘ S F somamor s 14
om o 20 - mz—myz Py (CL—0.04)
or E— + 10 - * f{‘;ﬁﬁvam n* COMPASS
E L L L GIS 05 £ = =
e - ot -3 = o e e 3 : R B B e
r Dmogﬁu: wear of publication GIS (2006) Ot~ B/ 107 fm”
Polarizability fit to the Xy distribution of the ratio Dwverview of polarizability measuramsemts; FDG style ideogram of polarizability data
of real data (RD) to a Maonte Carlo (MO simnulation GISTE ChPT aePn = (5.7 &= 100> 10+ fin?

with zero polarizabilities.






Polarizabilities are associated with the
Rayleigh scattering cross section of sunlight
ohotons on atomic electrons in atmospheric
N, and O,. The oscillating electric field of sunlight
photons forces the atomic electrons to vibrate.
The resulting changing electric dipole moment
radiates energy as the square of it second
derivative.The radiated power is P ~ a?A4,
where a is the electric polarizability of the
atom. The scattering cross section depends on
A4. The intensity of scattered and transmitted
sunlight is therefore dominated by blue and red,
respectively. The daytime sky is therefore blue,
while sunrise and sunset are red.




Henry Primakoff

http /Ivirgo-physics.sas.upenn. edu/events/prlmakoff html e

Photo-Production of Neutral Mesons in Nuclear
Electric Fields and the Mean Life of
the Neutral Meson*

H. PRIMAKOFFt

Laboratory for Nuclear Science and Engineering, Massachuselis
Institute of Technology, Cambridge, Massachuseits

January 2, 1951

T has now been well established experimentally that neutral
x-mesons (#°) decay into two photons.! Theoretically, this
two-photon type of decay implies zero #° spin;? in addition, the
decay has been interpreted as proceeding through the mechanism
of the creation and subsequent radiative recombination of a
virtual proton anti-proton pair.? Whatever the actual mechanism
of the (two-photon) decay, its mere existence implies an effective
interaction between the »® wave field, ¢, and the electromagnetic

) wave field, E, H, representable in the form:
Interaction Energy Density =n(h/uc)(he) tE-H. (1)
Here ¢ has been assumed pseudoscalar, the factors A/uc and
(he)~4 are introduced for dimensional reasons (u=rest mass of =),
\ il E : e = ' ‘ﬂj e L/«;,-’ =

oulomb field of nucleus can be used as photon targe

S — . N p— — — N




mmon uon and ' roton pparatus
for tructure and pectrnscopy

SR SN -

=

CERN SPS protons ~ 400 GeV (5 —10 st

@ secondary 7, K,'p: up to 2:107/s (typ. 5-10%/s)
Nov. 2004, 2008-09, 2012:
hadron spec. & Primakoff reactions

S) i

¢ spill

(D

@ tertiary muons: 4-107 /' s
2002-04, 2006 07 2010 )5 spln structure of the nucleon




@ two-stage magnetic spectrometer

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

The COMPASS Experiment @
\

- broad kinematical range -
. ~250000 channels -
- > 800 TB/year

Runs with Hadron Beams 2004, 2008/09, 2012

@ 190GeV 7~ beam on p and nuclear targets
(C, Ni, W, Pb)

@ Silicon microstrip detectors for “vertexing” MaonWall

@ recoil and (digital) ECAL triggers

C X
LS £/HcaL

60“\

B Dipole magnets

W Tracking detectors
RICH

M El.-mag. calorimeter
Hadronic calorimeter

B Muon identification

[hep-ex/0703049, NIM A 577, 455 (2007)]




week ending

PRL 114, 062002 (2015) PHYSICAL REVIEW LETTERS 13 FEBRUARY 2015

Measurement of the Charged-Pion Polarizability

C. Adolph,® J. Lichtenstadt,” M. A. Moinester,” etal. (COMPASS Collaboration)

The COMPASS collaboration at CERN has mvestigated pion Compton scattenng, x~y — 1y, alcenter-
of-mass energy below 3.5 pion masses. The process is embedded in the reaction x7Ni1 — x7yNi, which is
mitiated by 190 GeV pions impinging on a nickel target. The exchange of quasireal photons 18 selected by
isolating the sharp Coulomb peak observed at smallest momentum transfers, 0* < 0.0015 (GeV/¢)*.
From a sample of 63 000 events, the pion electric polarizability is determined to be @, = (2.0 £ 0.6, £
0.755) 107~ fin' under the assumption a, = —f,, which relates the electric and magnetic dipole
polanzabilities. It 18 the most precise measurement of this fundamental low-energy parameter of strong
mteraction that has been addressed since long by vanous methods with conflicting outcomes. While this
result 18 1n tension with previous dedicated measurements, it 1s found 1n agreement with the expectation
from chiral perturbation theory. An additional measurement replacing pions by muons, for which the cross-
section behavior 15 unambiguously known, was performed for an independent estimate of the systematic
uncertaimnty.



Experimental Information and Data Analysis Backward

polarizability o, + — 5.+ in units of 107*fm’

reaction analysis [experiment] Qg+ — Ft
w2 —~yr~ Z | Serpukhov (1983) 156+64+44
COMPASS(2017) 2015,40+1.2+1.4 | ?74£72477
Fp— TN Lebedev (1984) 40 £ 24
Mainz (2005) 116 £154+304+05
vy S ateT D. Babusci et al. (1992)

PLUTO (1984)]

3821961114

DM1 (1986)] 344492
DM2 (1987)] 526+ 14.8
MARK 1l {(1990)] 44 +3.2
J.F. Donoghue & B. Holstein (1993) | 54
[MARK 1l (1990)]

A. Kaloshin & V. Serebryakov (1994) | 5254 0.95

[MARK 11 (1990), CBC (1990)]

L. Fil'kov (2005)

[TPC/2v (1986),MARK 11 (1990)]
[CELLO (1992), VENUS (1995)]
[ALEPH (2003), BELLE (2005)]

130 (+26,-1.9)




Measurement of the w-meson polarizabilities via the

~p — 7N reaction

Eur. Phys. J. A 23, 113-127 (2005)
DOIT 10.1140 /epja,/i2004-10056-2

J. Ahrens', M. Moinester®, 1. Giller”, et al., Mainz
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Fig. 10. The differential cross-section of the process vp —
7 n averaged over the full photon beam energy interval and
over s1 from 1.5m2 to 5mZ. The solid and dashed lines are
the predictions of model-1 and model-2, respectively, for (o —
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Fig. 11. The cross-section of the process vp — 7 n inte-
grated over s; and f in the region where the contribution of
the pion polarizability is biggest and the difference between the
predictions of the theoretical models under consideration does

g JI,-T.\ = 0. The dotted line is a fit to the experimental data (see . 3%. The dashed and dashed dotted lines are pre-
text ). dictions of model-1 and the solid and dotted lines of model-2

for (o — 3),+ = 0 and 14 % 10”* fm”, respectively.
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Physics Letters B 277 {1992) 158-162

MNeorth-Holland PHYSICS LETTERS B

Chiral symmetry and pion polarizabilities

D Babusci *, S Bellucc: ®, G. Giordano *, G Matone *, A M. Sandorfi Pand M A Moinester ©

INEN, Laborator: Nazionall di Frascati, P Q Bax 13, I-00044 Frascati, }’m:'y

v Physics Department, Brookhaven Natonal Laboratory, Upton, NY 11973, IS4

¢ School of Physics and Astronomy, Ravmond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv University,
H9978 Ramat Aviv, Tsrael

Recerved 8 November 1991
We use chural perturbation theory including one-loop contnbution to dernive formulae needed to deduce pion polanizabilities

for ym—yx and yy—nn data We deduce for the first time values for the = and =" polanzabilities from nx production data, and
compare these new results to chiral symmetry predictions

Table 1
¢

Values for &, from data and theory L"'b\,b“
PLUTO 191 +4B(stat ) x5 7(syst ) : v "L.,;. T
DM 172 +46(stat) () - x
DM2 %3 +74(stat) v |

LEBEDEV 20 +12(stat)
MARK I 22 +16(stat +syst ) L L

o




Pion Polarizability, Radiative Transitions, and Quark Gluon Plasma Signatures

Can one expect gamma ray rates from the QGP to be higher than
from the hot hadronic gas phase. Xiong, Shuryak, Brown (XSB)
calculate photon production from a hot hadronic gas via the
reaction m— + p® — a,(1260) — m + y. For a,(1260) — 1Y, they
assume a radiative width of 1.4 MeV. XSB use their estimated a,
radiative width to calculate the pion polarizability, obtaining

a.= 1.8 x 10743 cm3. Independently, Holstein showed that meson
exchange via a pole diagram involving the a, resonance provides
the main contribution (a,, = 2.6 x 10743 cm?) to the polarizability.
New Primakoff data for 1"y — a,(1260) — 11— p° should allow a
reevaluation of the consistency of their expected relationship,
and improved calculation of the gamma rate from the hot hadronic
gas phase.



