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CERN press office

CERN experiment brings precision to a
~cornerstone of particle physics

11 Feb 2015

» Geneva, 11 February 2015. In a paper published yesterday in the journal Physical Review Letters, the COMPASS
experiment at CERN ! reports a key measurement on the strong interaction. The strong interaction binds
quarks into protons and neutrons, and protons and neutrons into the nuclei of all the elements from which
matter is built. Inside those nuclei, particles called pions made up of a quark and an antiquark mediate the
interaction. Strong interaction theory makes a precise prediction on the polarisability of pions — the degree to
which their shape can be stretched. This polarisability has baffled scientists since the 1980s, when the first
measurements appeared to be at odds with the theory. Today’s result is in close agreement with theory.

*‘, i “The theory of the strong interaction is one of the cornerstones of our understanding of nature at the level of the

¥ , fundamental particles,” said Fabienne Kunne and Andrea Bressan, spokespersons of the COMPASS experiment,
“so this result, in perfect agreement with the theory, is a very important one.”
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Hydrogen atom .
- the simplest QED system

electron shell

proton

9
3 . :
O — 58. , where a 1s the Bohr radius
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Polarizabilities of hadrons
o

The electric and magnetic
polarizabilities of a hadron
are the quantities

characterizing the rigidity |

= Compton amphlitude:

A7 X - vX) =

—

_(—550:: + axwiwg)é - o + A "J:LQ, o
v e Y B T
H=... —(axE?+fxH?)/2 |

vy Yy v W

PDG data:
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Mass: Higgs boson vs. QC )
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QCD - true theory of strong

znteractzons, but...
Since the constant of . 05y
strong interactions « N, h’ dH”t o ol
as~1 at small T B -
energies, exact oCcD . H ‘
formalism cannot AN
make predictions with 02- b Nt
reasonable accuracy. | s '%"r
° ﬁ".l.»
Effectzve i QCD cie(M,) = 0.118 + 0.003
> 1 | |
phenomenological : 5 em WL
models are needed v
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Chiral perturbatzon theory .

Mass of light quarks (m,d) is much smaller |
‘than the typical scale M=1 GeV Fo

\ Y 2

Locp = LV+L,,

N : MU

mass term -
a small perturbation

Chiral symmetric term

mgy/M , p/M - small parameters in expansion

Approximatechiral symmetry is in lagrangian
but not in the mass spectrum of hadrons!

Y > W
Pions are pseudo-

Goldstone bosons in
chiral theory.
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Pion polarizabilities: prediction

=

Model Parameter 10+ fm’
— 5.4%0.8
xPT (1-loop) Lo L
a3 0
I 5.7%1.0
xPT (2-loops) arx=p
a.tf3 0.16
Nambu-Nona-Lasinio model =3 9.8
an_ﬁn’ /.05
Quark confinement model
an+ﬁn’ 0. 23
OCD sum rules =[x 11.2%1.0
- P 13.6£2.15
Dispersion sum rules
- ' tntfe 0.166+0.024
<
[ ] v N : R :

The most of theoretical models are in
agreement that a.-f3. > a,tf3. = 0.2x10* fm’. As
for value a.-f3., predictions are quite different
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Experimental results

nucleus Z

E
|
S [ PACHRA Babusci
~_40 [~ Lebedev o |l ——PLUTO, DM
" [ yp—yan | .~ [DM2, Mark II
v [ [ yy—=»xn
3 30| f
- Sigma {,"
0 __S::tzrp:}.(rh;v / Fil'kov
T MAMI Yy =T
1 : : YP—*yTn oy
] - Kaloshin {g
10 _— ] YY—»:[’J(’
GIS 06 - YLE
A 1111L1T1“111“1 | PP PR i
1980 1985 1990 / 1995 2000 2005 2010 2015
Donoghue year of publication
‘ Mark II
>\
l -
- ,." S 5% L0

,'v'n,-“pv
L ".: plvt‘

,'.-‘\ / 3 27
VR & M"w‘ NS ’* o

& T e i
Data Reaction | Paramater (104 frn?] ‘Qi
Serpukhov (a, + 8, = 0) wd — wLY Qr 6.8+1.4+1.2 :
Serpukhov (a, + 8, # 0) o, + 5, 1.4+3.1+£28 | |
B.| —71+28+18| |
Lebedev YN = yN7 Q. 20+12 | |
"Mami A2 w—=rtn |  ay— B, | 11.6£1.5£3.0£0.5 | |
PLUTO Yy ST T (o 19.1+4.8+ 5.7
"DM1 Yy =TT ar | 17.2+4.6
DM2 YT Qr 26.3£7.4 | |
Mark I1I Y =TT Oy 2.2+1.6
"Combined fit: MARK 11, ' ‘
VENUS, ALEPH,
TPC/2v, CELLO, 00 e 0 ay — By 13.073% ;
BELLE (L. Fil'kov, ax + Bs 0.18+011 | |
V. Kashevarov) :
Combined fit: MARK 11,
Crystal Ball (A. Kaloshin, | yy = 777~ Oy — B 5.25 £0.95
7 , ,
\ V. Serebryakov) /
: e ¥

At the moment b

: experzmental uncertazn(y

for pion polarizabilities is

_ too hzgh New experzments

. are needed!
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Photo-Production of Neutral Mesons in Nuclear —~ 24
Electric Fields and the Mean Life of i
the Neutral Meson* panl
H. PriMAKOFFt . S '
Laboratory for Nuclear Science and Engineering, Massachusells v Y T l/\[r
Institute of Technology, Cambridge, Massachusells

January 2, 1951 | Coulombﬁeld Of a

T has now been well established experimentally that neutral |
r-mesons (%) decay into two photons.! Theoretically, this nucleus can be used

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 as pho ton targ et
virtual proton anti-proton pair.* Whatever the actual mechanism
of the (two-photon) decay, its mere existence implies an effective A M
interaction between the »° wave field, ¢, and the electromagnetic : —A A~ —J
wave field, E, H, representable in the form: . - y

Interaction Energy Density =n(h/uc)(hec)d¢E-H. (1)

Here ¢ has been assumed pseudoscalar, the factors A/uc and

~ (he)™¥ are introduced for dimensional reasons (u=rest mass of =), P
4 P

> L a

I v~ From Primakoff effect

A= - to Primakoff reactions

|

J ' =
4 & o v
" O P | gaes 3 ™\
f . -~ . | L 4 .
- " Guskov Alexey, Joint Institute for Nuclear Research, Dubna
S St M .;‘5!4";.‘”-;'»"'1 NS e\ ‘ S : o : _

X CEM P RS Sy ARt g L i \



Equivalent photons approach
(Weizsaecker-Williams approximation) P
E Electromagnetic field of fast charged

particle is sstmalar to a field of ﬂat 2
electromagnetzc wave

X W er(wa Qz) — Gx,,(w, 0) || ;
o % A B W T _

density of equivalent photons
N\ AN~ nn ML

. . ‘ ¢ SRR : : fid o
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Pion polarizabilities @~ - '

and Pmmakojf cross section

do Z2a Q2 — Q2. do | e T *

= . 2 (Qz) min T r P

dsdtdQ? = mw(s—m2) " O dt A |

. _ — A?\/\/\ L\f\/\ b

Qmin - (S T m'yzr)/2Ebcam . | Q2 G'Y - EY &

Compton cross section: 4

do - a2(5223_ + mfrzz) Qo m3 (s — ,r)z P '. (A,2) (A,2) y
dQem  s(szy +m2z_)2  4s2(szy + m2z_) | mm—

Zz+ =1+ cosO-m

2

= 2(ar — Be)+ (0 + Br) a3 N/

.

m4

a. and /)’,, can be extracted separately from the
> measurement of the dszerentzal cross section

o

QNN e SEGIT T 1A AR : At e i . ; g
o A S SRR ke (R RS St IR SKO?V exe om nstiiuie jor uciear esearc uona
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Szmple case: ap=

B
R TSR A

p| Y N —y— R |
2 3 |
o 3 m:
R=— ~1—_ =T
Ol 2 1-— x,y a !
1.2 s
h§\ x;, - relative energy Of .
0.8/~ 2.35x10° i’ emitted photon in Lab
- 5.0x10™ fm g
0.6 7.0x10°* fm’ system
0.4
0.2
B A T T I U N .-,, o
84 0.5 0.6 0.7 0.8 o.gxY .
G : e (- S
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onn polarizability and _]INR

Retrospective review

1 o v hd |
Original proposal to measure pion polarizability

| via Primakoff reaction

l i A P —— ~—~ |

[ 1 v | T > |
A.G.Galperin, G.V.Maitselmakher, A.G.Olshevski and
L V.N.Pervushin. Yad.Fiz. 32 (1980) 1053

u a2 e m - _

pion at SIGMA spectrometer

Py P P — P e S S0

B O ~r = L~ '
| The first observation of the Compton scattering off \

B ~ il > = '

| l The first measurement of pion polarizabilities \

_ [ B i o N > SRS
Dubna group brought their experience to the

L COMPASS experiment
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Measurement at the SIGMA setup

(Protvino, IHEP-JINR collabbration)

(,\H M

E ; SIGMA

speptromqter

5 | |
] Beam
— % ; R —— *E—"
3, 1 L} .

ot |
15 5 (0 5 10

\
Beam: = , P=40 Ge V%
Target: C (0.25 Xy)
(also Be, Al, Fe, Cu,Pb)
Statistics: ~7 000 events

wzth x,,>0 5

S00F

2001
100+

5000

2000}
1000}

Ev unc

S00H

200
100}

S50+

20+

F—

] 1
0O 05 10 15 20 25 30

Q?x102, GeV2/c? |
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Measurement at the SIGMA setup
(Protvino, IHEP-JINR collaboration)

Ty ) ¥

1985

[ v Y R -.

6 Phys. Lett., B121, 445 (1983) "

0 - Z.Phys. C26 (1985) 495 ’
06 085 07 075 08 085 09 w et e

ﬂa,,::[)’n =(6.8%1. 4yrart1. 25)5) X107 fird? i !

R e e =(1.4E3. Litar£2.8,y0) X 10°F frm?]
r{ % | - aﬂ'_(7 8+2 8stat+1 8sysd x10-4f |
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COMPASS (C Ommon Muon Proton

Apparatus for Structure and
- Spectroscopy)

is the fixed target experiment on the secondary
beam of Super Proton Synchrotron at CERN

9 7he purpose of this experiment is the study of i

hadron structure and hadron spectroscopy with
high intensity muon and hadron beams.

TV - Y U WT*

v Y R4 | 11 countries
1996 - Proposal .
i 28 institutions,
2002-2011 - Physical data ~240 physicists |
taking W TR e
" | S
| skov Alexey, Joint Institute for Nuclear Researc : ubna P 2 ‘ ;g,:.z
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COMPASS at CERN
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The COMPASS setup

Muon

ICH Mwm Wall 2
etecc’tor Wall 1

Target \
and RPD e

CEDARS A |
- - Electromagnetic and hadron H
T >y calorimeters ECAL2, HCAL? ‘
e | ” tlicon Spectrometer

etectors magnet SM?2
’ =< Spectrometer Electromagnetic and hadro i
>350 p lains / magnet SMI  calorimeters ECALI, HCALI |
@ CEDAR detectors for beam particle identification
) Precise silicon detectors to measure small scattering angles
) Magnetic spectrometer for pion momentum measurement
@ Electromagnetic calorimeter with good energy and spaczal
resolution for photen detection

. Muon zdentzﬁcatzon system £ }
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Main advantage of COMPASS

We can use pion and muon beams of the same
momentum with the same setup configuration.

~

nz (A,Z\)r %n'T(A,Z) ) ‘

wAZ)p 4y ||

Muon is the point-like particle and
corresponding cross section for muon is
known with high precision. So, muon data
can be used as reference to control our

, Systematics. '

" Guskov Alexey, Joint Institute for Nuclear Research, Dubna : 2 2 - 'd
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Primakoff | €vents E,/Epcam >0.4
pilot run 0.3X9 N2 Primakoff
2004 |~ 3 weeks run 2012
~lweek | pimakoff |~ 3 months  Time
~10k run 2009 200-400k
events events
0.5Xy Pb 0.3X9 N1
U] Topzc of my present talk
» | L

* Guskov Alexey, Joint Institute for Nuclear Research, Dubna e
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Pilot data taking in 2004

COMPASS 2004 =« data N COMPASS 2004 m data -‘~
10%¢

r 0
- '\‘] mn "t' Q.

1¢ -

-—.
{ -
sl Pb
— -
) -
o=
) L
- a’.'

events

o/o

3.55mm Cu

235 mmC

107 &

l!

|

T

\
i

| .
r .
’ '

[ ’ ‘ C
| .
)

0 0005 001 0015 002 0025 003 °0""" 70 20 30 40 50 60 70 80
O‘(GeV/c) ¢ i Z

Pion radiative scattering was
observed, some preliminary i
. studies were performed e -

X A
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: ®
arget: (—Pb— N1
. ® | . |
COMPASS 2004 = data : ; . 4
v ]04 = < y ﬂE 0 8
c 1 2+1 mmPb i .
w F
S l 3.55 mm Cu - U
| I
235mmC z 0.6 Nuclear form factor
> < Screening
107 = " ;
%— 0.4 i Vac. pol.
;} bu t’ o o TOTAL

' A l ' ' A A
0 0005 001 0015 002 0025 0.03
0’ (GeV/c) ?

For high Z nucle::
we have better electromagnetic
szgnal to nuclear background
ratio but...
we much stronger depends on
calculation of numerous
g carrectﬂ)ns

. §

o
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Hadron and muon beams

T earwn [ e 8
e | T | il
T TP AL R

L. Dvwrwestored | D0t |0
el vatrvie

Composition
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CEDAR detectors
2 differential Cherenkov counters
upstream the target

kaon re]ectzon ejﬁczency ‘95 "/o
for parallel beam

o




Beam : :
counter BC Ni target .
e Beam - Beam |

s e killer BK1 = Killer BK? ;

veto SW oA | ; P

B

TRIGGER = (BC & ECAL2)
ISW !BK1 !BK2

' Flale .;'c le | Rate,]
|\ Trigger name| threshold, | * k?{ b
1 GeV _|Jactor z| |
Primiskhfy 1 ‘
~20
Preiog 2

[ ]
[ ]
L e ; i
R g -

x '-“ [ 5 tu,' ' : . 3 % : 2 v =7
= Guskov Alexey, Joint Institute for Nuclear Research, Dubna
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Event selectzon

¥ Pmmakojfl Przmakoj]? triggers
O 1 vertex with 1 outgoing negative track
® No other tracks™ ' 3
© Beam track is parallel to the nominal beam
axis

- © Scattered track is not muon

@ No activity in RPD .
® Exactly 1 neutral cluster in ECAL?2 (E >2

Gel)”
@ Beam particle 1s pion ( CEDAR) S
% 'Gu.fkov 4quey, Joint Institute for Nuclear Researchf .Dubna' o PO .9 ‘j:‘ég“f




Kinematic cuts

e e —
2500 '¢ a —— simulation o
g 2000;_{ \ (normalised) pT-cut fo reject low pT
g ool |\ region related with
o : [ J [ ] { ]
3 ,000% \\ | multiple scattering in the
F ™M .
soof. \.,\\ material
- | e o
% 0.1 0.2 0.3 < - M
P, [GeV/c] i
% 3 # n Ni—xn y Ni
2 2500 " —— data
v % a ‘}j Y — simulation
™ . ' (normalised) ¢
V Y ¥ .\9 2000: ‘J { |
° ° - B ’
Exclusivity cut on the 3 1500; f \
level X15 GeV to reject 1000} |
: : 500} [
events with massed : JE
° ° PV ..g..pr'/ i\\&k |
| | particles in the final state 0===0 "0 0 10
: L e —— /N N , ML
| : J 2% i) Guskov Aquey, ]ointhlnstitute for Nuclear Research, bubna ol




Kinematic cuts

Y, - AT ! .
= o n Ni—=x yNi :
225002 —+— data " - T2
i simulation :
2 2000:_ (normalised) V Y w
£ 15001 My,< 3.5 m, to avoid
C
o

[y
r1T 111

p-meson production and

decay to nr’

L
-
-

o
OO e,

00503 04 03 016 07 08 00 1 - S S O —
m,., [GeV/c’] |
§ i x Ni—=ax yNi

. é’ 2000k e ”c‘iata N :
V Y T f\’ 3 o n\ll]rgz}ﬂill 22@; b ;

- < 6000 |

Q< 1.5%10° (GeV/cf to || % | '

° Py o 4000 | |
reject ty state production || © | |
. . o | 2000F 1\ o
vwa strong interaction L N T |
] W e o005 01 045 02 025 03

IQI [GeV/c]

L

i v ek P T SO ¥ 3¢ of L 37, o A VS ' % e - 5e '. !
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i Ni—n Ni ! >N J

i’ background

v

selection criteria
were applied for

_\

BRa B

The same single cluster

in ECAL?

this channel
’LLA_—LA M

Kaon decay K~—na
out of the target is the

reference process * w. o

T W
fraction of mis-
reconstructed i’

Ip lost | g

events in sample

probabzhi{y to mzs-zdentzfy
 n state as ™y
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Muon data

The same selectzon + muon beam momentum measurement

-~

W

.
b

4

:

o

counts / 2.5 MeV/c

:

o]

e

counts / 5 MeV/c®
o
g 8 8

:

TTI]]’IIYIlT

S

—— _ fe sttt

COMPASS 2009
- w Ni—= pu y Ni
! —— data
— —— simulation
[t (normalised)
A 1 " " A M 1 2 A
0.1 0.2 0.3
P, [GeV/c]
COMPASS 2009

“

'ITIITIT]TTT

pw- Ni — p~ y Ni
—+— data
—— simulation
(normalised)

PRI B e e e o P

.“03 04 0.5 06 07 08 09 1

m,,, [GeV/cz]

\

L /

COMPASS 2009
> g 4 w Ni — p y Ni
§ 2500;' —— data
(= n —— simulation
Q 2(1)0:— (normalised)
£ 15000
"’8’ -

1000+
500}
0: PR | ' A adaa a2 b 4 4 .
-20 -10 0 10 20
| AE [GeV]
&)

COMPASS 2009
§ w- Ni— p yNi
% i —— data
= 8000 —— simulation
§ (normalised)

o 6000
2 ,
I § 4000|
2000¢
% 02 025 03
:\. Q! [GeV/c]
g2 ,1, ,,.}f.:.\ | B ' z.(




counts / 0.025

. TR s ot
T G g MR o
LR > LD : .‘i‘;w._-._z,al_zac‘.’,t’;;t" =3I

COMPASS 2009

v

— —+— 7 data
- —— 7 simulation

—

—— W data x 2
—— W simulation




COMPASS 2009
n Ni— 7 yNi

ax=(1.4%0. 6510) X 10+ firn?

byt
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g orreetzons

e dS %&bf e Jrew*gwm*
o4 ’M”«Mﬁ?«
IS pz’mﬁteﬁ;@g | i “t\a””ﬁ {

® radiative corrections /-) “{j{ j;}» ”ﬁ “{#
~ (Compton vertex)
@ form factor of the Nz nucleus o ”}@w “‘b” ”{"}

© HighZ e/feets (Zx=0. 2)
@ Nuclear charge sereenzng by atomic
: electrons ®

o
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Pwn polamzabzhtzes at C OMPASS ****

i R, omp COMPASS 2009 =~ .%: ~
1.15; n N1 — 1 yNi A N
L1 2009 with

TE corrections

- 1.05- ety
=
0.95"
09 L g
0.85- .. s
. 04 05 06 07 08 09 :

a.=(2. 0. 6'stat)><10'4fm
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Systematzc ejfects

— - —i———i.

: Estlmated magmtude
Source of uncertainty 10~ fm?]
Determination of tracking detector efficiency 0.5
Treatment of radiative corrections 0.3
Subtraction of 7 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

v N : —y

)’ - T
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Ratio for muons

| R,, | COMPASS 2009 = 2
115 u Ni — -y Ni L

F alse polarizability for muon s consistent wzth :
’ z?ro wzthzn the error L

o

BRI W o 2l . : \ - o e T

T NN, N TR SN LI LRSS, 37 PP : =3 g ¢ __;’:",, 2
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- &7 _.." : Av ; AR . .'< . ‘;‘;:
1.15p1on beam | _, g
1 105__ 2009 T 1!;;
1 .05 :_ ' s
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Pibn polarizabilities and C OMPASS «
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IS Arn really a constant zn

our kinematic range.

COMPASS 2009

- Ni — 7 vy Ni

Yu Bystmtskzy, A. G’uskov, V Pervushzn,
M. Volkov Phys Rev D 80 114001 (200.9)
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Pion polarizabilities at COMPASS

>200k of y events with E,/Epc0um>0.4

N
[/

% 2012 Primakoff data collected in
‘ 2012 provide possibilaty:

to reduce uncertainty of a, measurement
to ~0.4x10+* fim’
to measure a.tf3, with accuracy ~0.04x10*
fm? (yPT: 0.16)
to study dynamzcs of pzon polarizabilities

to access quadrupole polamzabzhtzes of
pion a2 and [3,;
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Kaon polarizabilities

Theoretical predictions:

PT prediction O(p?):
ax + Pk =0

B O 0.6 x 107 fn?

MgF2 5 T

Quark confinement model:

xc 1.2

0, =2.8x1074fm’

0,=0.6x107*fm’

0.8

0.6 —

0.4—

QA = Op X

0.2—

_ —4p 3 “
ox + Pr = 10> 1077 fm Polarization effects
ag =2.3x 107" fm? Sy
- | | TV Yy 7 W

Experimental results: \

| ak=(—1x11)xX10:* fm’ .

ﬁ - from kaonic atoms spectra

At COMPASS: 1 Ky event

'~ ¢~2.4% of kaons im hadron beam =
L CEDARS for beam kaons zdentzﬁcatzon |
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a. at _]Lab (proposal)

ﬂ http: //www 1lab org/exp progéproposals/ 13/PR12-15-008.pdf R

- e W

Existing detector

GlueX at Hall-D (0———— ~
P -®Polarized photons of ~6 GeV ﬁ
VAVA H?\ 2107 tagged photons per second
+2:0.6 mm 1%Sn target
> ¥ -®20 days of data taking
w | | -®Accuracy 0.3%x10* fm?
s s L )N

<
[ N
>

Main physical backgrounds:

® pion pair productzon in strong interaction

® coherent p? production
® production of Fepton pazrs [
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http://www.jlab.org/exp_prog/proposals/13/PR12-13-008.pdf

Summary

The COMPASS experiment performed the most
precise measurement of pion polarizability a,. under
assumption a.+f3,=0 basing on the data of 2009 yeaxr.

The result is: ._ foMPASS
| an=(2. 0X0.6,:.:X0. 7syst) X10'4fm3_ ‘ *

Thas result is published in Physical Review
Letters: PRL 114 (2015) 06002 | ~
Contribution of JINR group to this result is

determinative at.each stage from planning to data
taking and analysis

COMPASS Primakoff data of 2012 still are under

analysis and new results for pion (and kaon)
polarizabilities are expected |
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---- LEX a=-$=2.00 ..
.--- LEX a=-$=2.85

— LEX + chiral loops
=2 DR [B. Pasquini]
_ = LEX(a=2)+chiral loops
_ ... LEX(«:=0)+chiral loops
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