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The COMPASS experlment

Apparatus for Structure and

Spectroscopy)
e Is a fixed target experiment on a secondary
— beam of Super Proton Synchrotron at CERN

13 countries,
| N 24 institutions,
L % ~220 physicists
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COMPASS: physics with muon and

hadron beam
COMPASS =~ SPIN PHYSICS + SPECTROSCOPY
:t _

Spin

Study of spin structure of DI” S /”L’f-’/ 4
nucleon with muon beam and MR =
polarized target: N
« (un)polarized and TMD PDFs i @, )
and FFs h
Generalized PDFs Study of hadron structure and
hadron spectroscopy with hadron
beam:
Primakoff reactions

diffractive and central production
kr-dependent PDFs via Drell-Yan
process
Spectroscopy with muon beam:
XYZ-states
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Study of spin structure of DIH §: /”;;‘-’/
nucleon with muon beam and e “%
~ polarized target: ﬂ'ﬁg;;\

Study of photon-meson scattering via £/

low-t (Primakoff) reactions )adron structure and

hadron spectroscopy with hadron

_ beam:
qqg§ o Primakoff reactions
- diffractive and central production

@o/production of exotic charmonia !PDFs via Drell-Yan
_Jrocess

~— Spectroscopy with muon beam:
XYZ-states

N
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The COMPASS setup

COMPASS layout for hadron program

Muon

Muon Wall 2
etIeCc'yofr Wall 1 “

Targset \
and RPD ;

Electromagnetic and hadron

CEDARS A
calorimeters ECAL2, HCAL?

= | "
ey -
e itlicon Spectrometer
etectors magnet SM?2

>350 planes /“\ Spectrometer Electromagnetic and hadro
magnet SM1  cqlorimeters ECALI, HCALI

&Y Muon (160-200 GeV/c) and hadron (190 GeV/c) beams

&Y CEDAR detectors for beam particle identification (for hadron beam)
&Y Set of nuclear targets (from H to Pb), polarized °LiD and NH
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QCD - true theory of strong

interactions, but...

Since the constant of strong interactions
as~1 at small energies, exact QCD formalism
cannot make predictions with reasonable
accuracy. Effective phenomenological
models are needed 2

Chiral Perturbation Theory ‘|

Mass of light quarks (u,d) is much smaller than .|
the typical Scale Mz1 Gev =QCDh (ML) =011%89 £ 0.0010 .

I mn N

a4 [Peep Inclastic Scatiering
0.4 .:. ~e cte— Annihilation
W ¢ Hadron Collisions
wE Heavy Quarkona

Q |GeV)

mass term -

LQCD — L0+£m ‘ a small perturbation

Chiral symmetric term

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

Approximate chiral symmetry is in lagrangian but
not in the mass spectrum of hadrons!
Pions are pseudo-Goldstone bosons in chiral theory.
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Low-t reactions

O I / Primakoff
i { Diffractive
I Nuc. incoherent

LT N\ x

1/r, 1R . Va2

= OPrim * Opiff ¥ Ojnt + Oinc

density of equivalent photons:
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Electromagnetic field of fast charged
particle is similar to a field of
electromagnetic wave

ny(w, QZ) — GXV( w, 0)

Electric




Polarizabilities of hadrons

Compton amplitude: The electric and magnetic
polarizabilities of a hadron
Ay X — X)) = are the quantities
Q o characterizing the rigidity
(_—5oi -+ &lewg)el - €2 T of QCD system
m
+ H =... —(axE*+fBxH?)/2
PDG data:

e o
120206 | 170
1zt | 2718

o — B = (5.7 4+ 1.0) x 10~ fm?

o + Br = (0.16 £ 0.1) x 10~ fm3

The most of other models: 8 x 107*fm° < a, — 8, <14 x 10~*fm?
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Polarizabilities and

cross section

do _ _Za 2 oy @2 — Qo don 0p ™
GsdtdF ~ ws-mg) #@) T Ta — R‘C:(L
2 2 ~ D
Quin = (s — m2)/2Ey 00 Qé< iy Q?¢ 6y - Ey
o-2? A
Compton cross section: /‘v’\
(A2) (AZ)
dony  0(s°z8 + miz2)  amd(s— m?2)? P
dQem ~ s(sze +m2z_)2  4s2(szy + m2z_)

zy =1+ cosf.m

0 -
5 5% 4 - \
P =2z(c; — ﬁr)+—42+(a‘7r + Br) 8F 2.35x10" fm’
mi; ¥ 5.0x10" fm’
0.6 7.0x10™ fm’

For the case ar+Br=0 :
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The measured kinematic distributions

(\§2500_ R—Ni—’ﬂ-YNi
L ) —— data -
p= 1 —— simulation ~l
udy 2000 (normalised) <
2 » =
5 1500 E
S ' =
1000~ S
500 ;
Ol i 111 .......... - i
02 03 04 05 06 07 08 09 21
m., [GeV/c?]
0 =
> i w Ni = 7 y Ni %
& I —— data Sl
E 8000 — simulation
r~ - (normalised)
o i
< 6000f
3 !
g !
g 4000(
2000f
o e e N A
% 02 025 03
IQI [GeV/c]
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COMPASS 2009

S —— U~ data x 2
000 R L simulation
T~
_\ \t\\
6000 f \
40001~ \*\\\\3\ S
B \t‘*q: \
2000~ 7w data TS
- 7 simulation \“M\
4r
%_ S + + T + + +
=« ~ - ==~ T T
O I I I b | o I
0.4 0.5 0.6 0.7 0.8 0.9
X,

Background from the
reaction m Ni— 1 Ni 1m0
is subtracted




The COMPASS result

.'.

Protvino: ar=—n =(6.8%1.4stat*1.2syst) %104 fm?3, )(PT an<=2.8%x104 fm?3

\,0 - = &
- OMP Under assumption ar=—fx:
1.15kE-pion beam z _
F 0n=(2.0%0.65tat0. 75yst) X104 fm?3
105 > Phys. Rev. Lett. 114 (2015) 06002
R, li—:i: = - =
0.95F ’;_; 50— ‘
g:g; "o Lebedev. PLUTO, DM
TE _ Ypmymr | DMz ark 1
: — ll.“ TI—?UR
1.15F 30— |
: | L Sigm: l onoghue
110E T Sc.r;pukr‘u-):' ' [‘il ar;élhl —
105 B MaM T
R N _ 1‘ YpP—=YTn
o8 o | | e
0.90} B T
= “lsg0 1985 1990 1955 1201(:0l o l2~:>l(»51l o 2-:)1,0l o lznl;fl'
0.85 __ year ol pubhicaticn

04 05 06 07 08 09 Larger statlgtl_cs is unde_r analysis.
x, Separate precision extraction of a, and
Bris expected
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QCD chiral anomaly

Chiral anomaly: chiral symmetry on the level of the lagrangian
but non conservation of chiral current

m—yy T Yo3M gt
e O

For T’-—yerr_ T’-O: COMPASS 2012

F’ﬂ' 0,0,0 % 7 + Ni—=m + 7® + Ni
Fyr(0,0,0) = Z7(:0:0) g o
ef 2 4000
Low-energy theorem: 2 o0
eN; -3 3000

Far = = (9.78 £0.05) GeV

o 12.7!2,‘-:? ( ) 2500

SIGMA (Protvino, 1987): 10.7£1.2 GeV*?
m-e scattering (2005): 9.6x1.1 GeV?

For TT_YQ mn. 500

I | 1 1 1 1 1 1 1 1 | | | I | '!' + 4 —~} l o
€ cost ) _ 0.2 0.4 0.6 0.8 1 12 14
F?)?T?T";‘(O) O, 0) o 47T2f3 (-;W \/gp _ ?\/;327%9 ) mass of = ° final-state [GeV/c?]
T 8 0

F,rrr(0,0,0) = 6.5+ 0.3 GeV°.  VES (Protvino, 1998): 6.9+0.7 GeV-:

free K decay (494.2 MeV/cz)}
PDG: 493.7 MeV/c{2
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Iy cross sections near

threshold: m=2>mnn

-_E “ COMPASS 2004 +
D‘f‘

S R i s
. from tPb— nnn*Pb
- ¢ Fitted ChPT Intensity

"PT 0.8~ " 1.eading Qrder ChPT Preciction +
XPT prediction for |
YTT—>3 IT cross sections - PRL 108, 192001 (2012)
041 .
2.3 N ' ' | ' | I I ' ' i 0.2 B t-""'. ['ull Systernatic Lirror
Eur.Phys.J. A36 181 (2008) q 28
i | : _______ ..’ e emme" - Luminosity Uinecrainty
21 ' ' ] (VN(A S WALl ST Sii = S e S ——
[ ——— a0 ] 0.45 0.5 0.55 0.6 0.65 0.7
i xrZ ] m,, [GeV/c?]
T 1S :
=3 [ i "Ni — nn’7°Ni (COMPASS 2009)
5 —  1.8F C n of 00§ ,
1+ ; _% - ross Section of wy—n n’n’ from ¢ spectrum‘,
- R — 16 | . COMPASS 2009 - r"Fit Result
- 4 __
05 — e - . o: 1.4 - = Systematic Uncertainty
- T B 1.2 ;_ LO ChPT Calculation
03 = : < l_ 1F- | —— NLO ChPT Calculation
s m ] '5 0.8F NLO + p ChPT Calculation
° o6F preliminary
04 T T
028 ., T
S

0

055 06 065 0.7 075
m, [GeV/c?]
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Intensity - 107/ (40 MeV/c?)

—

Radiative widths of mesons

/
m2  flmax  do ,
OPrimakoff,X = drm A’ dt'dm = Io(X — my)Cx.
mq 0 m
12 a I
- 2**1 p[D]n ) — L L4 27'1£(S)In i —_—
nPbonnn Pb % B nPb-o>nnn Pb
i [ Oprin/ Oan = 0-97 ' < 0.001 (GeV/cy 5 1.2 0pin/0y = 0.86 " ' <0.001 (GeV/c)
gl g 10F
- I,(a, & my) =358keV s - [y(n, > my) =181 keV
- . o 0.8}
6 — "
B 2 0.6 *
* g o0af | :
2 i -
: 02f %
E - 5 + ++++++++
0 PRSP 0.0 | 1 | +:
0.5 1.0 1.5 2.0 0.5 1.0 §:9 2.0
m,, [GeV/c?] m,, [GeV/c?]
1320 1670
A e ilsT
This measurement \I (358 + 6 + 42) keV (181 + 11 +27) keV - (0.56/BRy., )
SELEX [21] (284 + 25 + 25) keV
S. Cihangir et al. [24] (295 £ 60) keV EPJA 50 (2 01 4) 79
E.N. May et al. [25] (0.46 + 0.11) MeV
VMD model [1] (375 + 50) keV
Relativ. Quark model 2] 324 keV
Cov. Osc. Quark model (3] 235 keV
Cov. Osc. Quark model [4] 237 keV 2 values: 335keV and 521 keV
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Kaon polarizabilities

Theoretical predictions: . _—
xPT prediction O(p?): 1‘ \\\\\\\\\ ) w2 @I
O + Pk ;20 :: ocK=O.64x1O'4:m\Z\\
K = O X S;F% v S8 A 0.6 x 107 m® FoR= Tosa Dt “f\%
Quark confinement model: ozf \
arx + Bx = 1.0 x 107*fm? 3]23' R YR Y S

- —4 3
ag =2.3 X 10" fm” Polarization effect ~m3

Exp. result: ax<200x10* fm3 (1973) 1

OPrim ™

- from kaonic atoms spectra m?
Presently COMPASS has ~2.4% of kaons in hadron beam...

RF-separated hadron beam enriched
by kaons is under discussion
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4.6

Mass (GeV f'cl)

34

3.0

Exotic charmonia

h(1'P))

(1 |SO)

Za(1'P))

Zo(PPg)

Established states

Predicted by theory,

undiscovered

0"
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tetraquark

hybrid meson

hadro-quarkonium

glueball

molecule



XYZ production mechanisms

direct production In e+e- C PASS: photo-

collisions;

S5

direct production in hadron
collisions; ~

(muo-)production off nucleon

B decays, St ~50 000 J/PS | B
|L‘H& o> L /\
3 8103;\\\\\”“
y'y* colll,s\gggs

v : IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8
M. [GeV/c?]
BELLE He

We cover range of Vsyn
from 6 to 19 GeV
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Muo(photo)production of

exotic charmonia: X(3872

X(3872) First observation of exotic charmonia in photoproduction!
/G(JPC) _ O-I—(]_ & -|—)

G 10
Mass m = 3871.69 % 0.17 MeV . S [
] ¥ L
My (3872) — My(25) Jhp Q[ &
Full width ' < 1.2 MeV, CL = 90% =) s W X(3872)
T B F
RPVI= € T
© 14[F-3683.7+6.5 MeV 3 T
> 12F o
O -
O 10 N' i
S 8F N
S 6F 5
£ 4= ) R T A N
=R = 0 0.2 0.8 1,
g 2F m,, [GeV/c?]
Y COMPASS result for dipion mass
o spectrum is in tension with previous
S10°2 observations:
>
. -4 LN NI L LI LU BLSLRLILY BLRLRLILIS B — Fr—rr 1 rr [ rrr T
210 E 012 aTLAS SV & 04 arias
107° 3 01E£S=8T9V,11.41’0" VR > 035-(s=8Tev, 1141’ i
- P -:—:Fn ] 3 0-3;_ Data
107 % 0'085//‘\'(5“(;2’::0("“”“) 4 ﬂ &T\ 0.25: ;X(aammwp'(—ym
10_10 % 0_06:— g 0-2;“ 7/, X(3872) - Jlyrx MC (phass space) z
_ , , C X 0155
107" 3.6 3.8 4 4.2 4.4 4.6 4.8 5 £ 004 £ o ) - . =
My, v [GEV/CT] 5 0.02f 2 0055, 7y
i & - ? Grtr vt e ) g
13-215-2 X(3872) events - 0 045 05 055 = 053 04 '” 07
M [GEV] My [GeV]

OyN—sx (3872)aN' X Bx (3872)—Jjynn = 71 128 (stat) ==39(syst) pb ‘ATLAS: W(2S) and X(3872)
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Muo(photo)production of

exotic charmonia: Z-(3900
,G(JPC) — 1+t )

Mass m = 3886.6 + 2.4 MeV (S = 1.6)
Full width ' = 28.1 £+ 2.6 MeV

& .
7 years (2002-2011) 3. Eﬁdﬁﬁf
of data taking with muon beam 3
and nuclear target (6LiD and NH5) .
o —l).-l— T/ 1 ;
S T ANz ol
3 40f | a
S 355 MmAlxt .
%3o| n L | T o am
= D - ® > n 40  -30 -20  -10 0 10 20 30 40
3 25F- | | AE [GeV]
>
155 |
0f- | ﬁ‘ ! | | BR(ZZ(3900) —» J/pm™) X 0., v, 21 i3900) aetascey < 2 PP
o } ) | | I b A
0 PR PR L i LK Vil iy i
3.5 4 4.5 5 5.5 6

M,... [GeV/c? PLB 742 (2015) 330
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® Low-t reactions provide unique possibility to study
processes induced by photons. Study of such reactions is one
of the main goals of the COMPASS experiment. Main
directions of low-t studies at COMPASS are:

e pion and kaon polarizabilities;
e chiral anomaly study;

e meson radiative width;

e oy dynamics for ChPT tests.

©® Exclusive photoproduction of exotic charmonia off a
nuclear target is a new opportunity to clarify nature of the XYZ

states. COMPASS performed:

e first search for exclusive photoproduction of the Z.(3900),
o first observation of photoproduction of the X(3872)
e more results are expected
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