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Primakoff scattering and m polarizabilities measurement

Outline:

Polarized Drell-Yan — TMDs universality
Unpolarized SIDIS — TMDs + FFs + flavor separation
DVCS and DVMP — GPDs & Nucleon tomography
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Measurement of Pion Polarizabilities @ COMPASS
Polarizabilities: deformation of the pion shape by an EM field

2-loop Ch PT predictions:
@y + Br = (0.2 £ 0.1)10™*m3
a; — By = (5.7 £ 1.0)10™*m?3

Wy

Experiments:

electric (@) and magnetic (f) i i fr00_4fm3

Inconclusive
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Measurement of Pion Polarizabilities @ COMPASS

Polarizabilities: deformation of the pion shape by an EM field
2-loop Ch PT predictions:

@y + Br = (0.2 £ 0.1)10™*m3
a; — By = (5.7 £ 1.0)10™*m?3

Wy

Experiments:

electric (@) and magnetic (f) ;. @ 10~4m3

COMPASS: measurement via inverse Compton scattering Inconclusive
7 (or K-
n (or K)
190 GeV
Q@ ~0 S= (pn+py)2 = (7y CM energy)?
—(s-m?)
Ni target ‘ AZ t= (cos 9, -1)

doyy, m,r) Deviation from
dQem ) N C ?(am :Bn) point-like behaviour

point—like
Measured with muon beam
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Polarizability results from 2009 data

T Ni > 7 Niy
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X‘I = E‘//Ebwm
a; — By extracted from the comparison
with point-like MC

0y — Br = (3.7 £ LAy  1.64y5) X 10* fm3

a; = (1.9 +0.7) x 10* fm?
(assuming a; + f; = 0)
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Polarizability results from 2009 data
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0y — Br = (3.7 £ LAy  1.64y5) X 10* fm3

a; = (1.9 +0.7) x 10* fm?

(assuming a; + f; = 0)
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|
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XV:EV/Ebeam
u-beam control measurement
with point-like beam particle

a, = (0.64 + 0.52) x 10* fm3

0.5 0.6

direct estimate of possible
systematic uncertainties
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Polarizability results from 2009 data

N world avg.: 7.5+ 1.6

g 1.2:7_ X2
§ o[ OnT 19207 —+——  Serpukhov 2.70
§ E —— = PACHRA 0.91
o lEee — MAMI 143
= = COMPASS prelim.3.09
e *°F | 8.14

o8- (CL=0.04)
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P S Ch PT pXediction
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g — By extract 0 5 10 15 20 2 30,35 . asurement
with point-like N GIS (2006) OB, /107 Fm 1 particle

ay— B = (3.7 COMPASS result in agreement with ChPT prediction ) x 10* fm3

Other dedicated measurements NOT CONFIRMED
a; =(19+0.7 ossible

(assuming a; - 2012 data: 5-6 times larger statistics I
access to (a, + B,) and (a, — B,)
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TMDs Studies with Polarized DY

Drell-Yan with m~ beam and transversely polarized protons:

mp' = putuX

Absorber RICHz, K

Hy(P,, S)

Dlpole magnets

190 GeV 7 ~, 10° 1/spill
uliD

Transv. polarized NH; target

Pol. target T ; I\
k<1

i

T "

LT BT

==

=

\ll::

PLANNED
IN 2015

1

Hadron absorber
Scint. fiber vertex detector to be collected end of 2014

New developments:

Some weeks of pilot data

Muon trigger in 1st spectrometer
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TMDs Studies with Polarized DY

Drell-Yan with m~ beam and transversely polarized protons:

mp' = putuX

Dlpole

Absorber G (7% K
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New developments:

Hadron absorber
Scint. fiber vertex d
Muon trigger in 1st
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Large acceptance for valence region
(where SSA are expected to be large)
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The hadron absorber

Concrete Tungsten plug (max @

9.5cm)
Absorber gephetry, MO1-20, alunina -?ing 3.0

Aluminum
cone

-/MMI

Structure of the hadron absorber:

= 120cm tungsten beam plug

Space for Stainless .. .
detector e = aluminium conical part
Auminum. - S = 200cm alumina (Al,0,)
58 o 58 100 150
z m = Stainless steel shielding sandwiches

+ absorber surrounded by
2m of iron-free concrete on each side
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Expansion of the DY cross-section

Expansion according to LO quark parton model =

a®Y dominated by U/u annihilation: / ‘ /
DY — .
0" & fgr & fup w I
—1
do(m™p' - ptu™X) = 1 + h; ® hi cos2¢p - (B-M.); ® (B.-M.),

+ |Sq] [-sin bs = (f1)r ® (Sivers),

+ Fi- ® hi;sin(2¢ + ¢s) - (B-M.); ® (Pretz.),

1 - (B-M.); ® (Transv.),
aF hl ® h]_ Sln(2¢ — ¢S)]

SIDIS — convolution of TMDs with FFs Complementary information
Universality test

DY — convolution of two TMDs
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TMDs: SIDIS «— DY

The T-odd character of the Sivers and Boer-Mulders functions implies that their
characteristics are process-dependent

In order not to vanish by time-reversal invariance the SSAs require an initial (DY)
or final (SIDIS) state interaction of the struck parton

attractive repulsive
We expect an opposite sign in SIDIS and DY:
Sivers: Boer-Mulders:
fir(SIDIS) = —fix(DY) hi(SIDIS) = —h3 (DY)

Crucial test of the consistency of the approach
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Sivers asymmetry in polarized DY (1)

Aiin s (Sivers) SSA in the safe dimuon mass

. 2 years data taking (1y = 140d)
region 4 < M, <9 GeV

| 6 - 108 rr/spill (9.6s/48s duty cycle)
1.1m transv pol. NH; target
Lumi=1.2 - 1032 cm~%s7*

dN(xa X6, P, Ps) .
sing, 2 J dppgdp —-= dpds sin ¢
025 f|ST| N(Xav Xb)
C blue line with grey band:
02 Anselmino et al., PRD79 (2009)
F Black solid and dashed:
0150 N Efremov et al., PLB612 (2005)
r - —— ] Black dot-dashed:
[ . Collins et al., PRD73 (2006)
0.1 Squares:
F Bianconi et al., PRD73 (2006)
0.05F Green short-dashed:
r Bacchetta et al., PRD78 (2008)
o CHECK OF SIDIS « DY
_0.1\ L1 ‘ 111 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ 1| ‘0&‘ L \0‘6\ L \o‘. L1

08 06 04 02 0 o2 e, SIGN CHANGE
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Sivers asymmetry in polarized DY (ll)

Aiin s (Sivers) SSA in the safe dimuon mass

region 4 < M, <9 GeV

sin ¢S
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2 years data taking (1y = 140d)
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1.1m transv pol. NH; target
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nning in x; feasible ¢ Access to larger x; values compared to SIDIS
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Projections on SSA Measurements (l)

A:inos A::]oszav
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Projections on SSA Measurements (ll)
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“Low" mass region
2 <My, <25GeV

=
B

~ Larger background
<y High cross-section

COMPASS DY beam test 2009

Jiw

[ 3170+70 events
10° M=3.092:0.005 GeV
E 7=0.227+0.004 GeV

10

2 years data taking (1y = 140d)
6 - 108 rt/spill (9.65/48s)

1.1m transv pol. NH; target
Lumi=1.2 - 1032 cm~%s7*
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Semi-Inclusive DIS (1)

Semi-inclusive DIS: e with polarized targets (2002-2011)
¢ with unpolarized proton target (parallel to GPD program)

Goal: extensive measurement and fine binning in (x, z, Q2 p?)
to provide input for NLO global analysis of PDFs and FFs

dN"(x,2,0%) X, efa(x Q*)Dg(z Q%)
NS T T ela(nad)

COMPASS: proton target and high-perf. PID (RICH + calorimeters)
h = K, K7, K°, o™, =, n% A, ... — flavor separation

Hadron multiplicities at LO:
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Semi-Inclusive DIS (1)
Semi-inclusive DIS: e with polarized targets (2002-2011)
¢ with unpolarized proton target (parallel to GPD program)

Goal: extensive measurement and fine binning in (x, z, Q2 p?)
to provide input for NLO global analysis of PDFs and FFs

dN"(x2,02) X, efa(xQ*)Dg(z Q%)
NS T T ela(nad)

COMPASS: proton target and high-perf. PID (RICH + calorimeters)
h = K, K7, K°, o™, =, n% A, ... — flavor separation

Hadron multiplicities at LO:

unpol. strange quark PDF

g’\O'S © COMPASS Proj.1 week Project‘ion for 1 week
$0.4  rSame with 2.5m LH, target
%O 3 % % - . CTEQ6L LO

2 b addg

. o O ¢
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nt and m~ multiplicities vs. z in (x, y) bins
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" .
0 . ..
0.70 = = = = = = ngh precision measurement
Vv 0.5 105 105 T 05 105 105 1z

Analysis of p? dependence ongoing
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K* and K~ multiplicities vs. z in (x, y) bins
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DX is a key ingredient to extract s(x) and As(x)
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Semi-Inclusive DIS (ll)

Azimuthal asymmetries in unpolarized SIDIS can
reveal quark transverse momentum (k) effects
beyond the collinear approximation

Unpolarized cross-section:

do

m X FUU aF €, COS ¢hF6?JS n +

€, C0S 2¢nFi) 2bn 4 A, €3 8in ¢y, FfliJn n
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Semi-Inclusive DIS (ll)

Azimuthal asymmetries in unpolarized SIDIS can
reveal quark transverse momentum (k) effects
beyond the collinear approximation

Unpolarized cross-section:

do S
— €, COS ¢
dxdyd¢ v
cos 2 q sin
€, Cos 2¢F iy n Ay €3 sin pyFy n
Cahn effect — info on k
S
3 I Doy
° 0 Gt g
< . .. H
L L . .
0.3 t . s 3 S e e e [J Compass projected:
-0.2F : F 1 week 2.5m LH, target
positive hadrons negative hadrons
-0.3+ o COMPASS 2004 deuteron prelim. - o COMPASS 2004 deuteron prelim.
O COMPASSproj. 1 week o COMPASSproj. 1 week ° 2004 Compass deUteron
L I | 4 weeks
102 10* 102 10*
Xgi Xgi
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Semi-Inclusive DIS (ll)
Azimuthal asymmetries in unpolarized SIDIS can
reveal quark transverse momentum (k) effects

beyond the collinear approximation

Unpolarized cross-section:

Acos 20

of §aeoad bl

do

—dxdyd¢ X Fyy +é€;

cos pnFL $h 4

€, COS 2 0@ Ay€3sin drFiy ®h

Boer-Mulders TMD ) Collins FF + Cahn effect

—

@ 8 ® ;
LIPS §
= I

RN RN N

’ (] [}

f Pt
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positive hadrons
o COMPASS 2004 deuteron prelim.
O COMPASSproj. 1 week

negative hadrons
o COMPASS 2004 deuteron prelim.

O COMPASSproj. 1 week

102 10"

XBj

107 10"
Xg

COMPASS Il

[J Compass projected:
1 week 2.5m LH, target

¢ 2004 Compass deuteron
4 weeks
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COMPASS-II SIDIS & DY - Conclusions

Polarized Drell-Yan experiment @ COMPASS:
TMDs universality SIDIS < DY
Sivers and Boer-Mulders sign in DY
Study of J/W¥ production mechanism

High statistics sample of unpol. up scattering data
Identified hadron mult. — light and strange quark PDFs and FFs
Azimuthal asymmetries = TMDs

Data collected in parallel to GPDs program

A. Ferrero (CEA-Saclay/IRFU/SPhN) On behalf of the COMPASS coll COMPASS Il
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DVCS: What Can We Learn?
u. Phase 1: Polarized beam, unpol. target

N
|

. GPD
— I s
t

DVCS dominance
at large xg

xg-dependent transv. size of nucleon

singlet a
/q.mm
— 1 7%— ey A\//
yll
longirud, o |
o
= L |~

2 pion
quarks. gluons/ cloud

+ "Boost" of DVCS
through int. term

Measurement of Re# (€, t) and ImH (&, t) via
¢@-modulation of cross section

ReH(§,t) =P [ dxH(x, & t)/(x - §)
ImH(§,t) =Hx =§,¢t)

Exp. constrain to

s

_—
® x<00l x~0. x~03

r, parameter from slope of do®'*/dt
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BH and DVCS
at EM

Deep VCS

do o [TBH]2

160 GeV

Bethe-Heitler

+ Int. Term +

ITDVCS | 2

\ Xg, > 0.03

0.005 < x,, < {m
Interte

expected nb of events
5 5 N

expected nb of events

O — len+Dycsi?

- - pvese
[ —

MC simulation
for COMPASS
without ECALO

\ & Missing DVCS
acceptance
w/o ECALO

i

» (deo)
Almost pure BH

— Ref. yield
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DVCS through int. term
— Re,Im(TPVES)

COMPASS Il

DVCS dominates
- daPV®/dt (transv. imaging)
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What Makes COMPASS Unique?

COMPASS covers the unexplored region between collider (H1+Zeus)

and low-energy fixed target (Hermes+JLab) experiments

<

3 COMPASS 160 GeV.
©  |mA HERMES27GeV
& | abuicey

2] ZEUS+H1

&

A. Ferrero (CEA-Saclay/IRFU/SPhN) On behalf of the COMPASS coll
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Xr

e utand u~ beams
e momentum: 100 — 190 GeV/c

¢ beam polarization: 80 %

opposite for u* and u~

¢ coverage of intermediate xg

— low xg: pure BH
useful for normalization

— high xg: DVCS predominance

~~ unexplored region between
ZEUS+H1 and HERMES+JLab
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The COMPASS set-up for the GPD program
ECAL1
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The COMPASS set-up for the GPD program
ECAL1

—_ECAl

equipments

Liquid H,
Target

A. Ferrero (CEA-Saclay/IRFU/SPhN) On behalf of the COMPASS coll COMPASS Il 20/29



The COMPASS set-up for the GPD program
ECAL1

' Maln new eqmpments

/ s g _—

W 2. 5m Iong Target TOF System

24 inner & outer scintillators
1 GHz SADC readout
~ 300 ps TOF resolution ,



The COMPASS set-up for the GPD program
ECAL1

" s Main new equipments
— ////// S 2 /_ ? & T
w 2.5m-long Target TOF System ECALO Calorimeter
N Liquid H, 24 inner & outer scintillators Shashlyk modules + MAPD readout

1 GHz SADC readout ~ 2 X 2 m?, ~2200 ch.
~ 300 ps TOF resolution , >3 i
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Transverse Size of the Nucleon

2 singlet pion valence
<r > quarks. gluons , cloud quarks
1L P .{/,
L At
A i M

1| ?
065+ 0.02 fm n
0.5 \
H1 PLB659(2008)
x~03
l COMPASS
I:l T T T 1
10t 107 107 107! 1
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Transverse Size of the Nucleon
Beam Charge and Spin SUM:

Scsu = do(u*) + do(u™) « doBH + doD¥SS, + e, P, Im(I)

unpol

Integration over ¢ and BH subtraction — da®V®S/dt ~ exp(—B]|t|)

2 singlet pion valence
< 14 > quarks. glions ~ , cloud , quarks
1 P /-
e A P

1| ?
065+ 002 fm n
0.5 \
H1 PLB659(2008)
0.1 x~03
l COMPASS
I:l T T T 1
10t 107 107 107! 1
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Transverse Size of the Nucleon
Beam Charge and Spin SUM:

Scsu = do(u*) + do(u™) « doBH + doD¥SS, + e, P, Im(I)

unpol

Integration over ¢ and BH subtraction » da®V®S/dt ~ exp(—B]|t|)

2 singlet pion valence
< 14 > quarks. glions ~ , cloud , quarks
1 B

3 ?
0.65+ 002 fm u ]
0.5 \ -
H1 PLB659(2008) L e
v x=001 x~0.1 x~03
| COMPASS
doPVCS/dt ~ exp(—B|t|)
0 T T T 1 2
- B(xg) =1/2 <r{(xg) >
10t 107 107 107! B =1/ 1(xs)

r, — Transverse size
of the Nucleon
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Transverse Size of the Nucleon
Beam Charge and Spin SUM:

Scsu = do(ut) + do(u™) x doBH + do

DVCS
unpol

+ e,P,Im(I)

Integration over ¢ and BH subtraction — da®V®S/dt ~ exp(—B]|t|)

—~ 8
s | I < 40 weeks of data
© 6f I 4
@ | “ 4 — eows 2.5 m LH, target

L a'=026

H ZEUS <@?>=326* v €global = =10%
= A S oA \ L=1222pb~1
¢ o o o
st with ECALO+1+2 Ansatz at small Xg:
wal ) ad B(xg) = By + 2a'In(%y/Xg)
0™ 107 107 107 Xg
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Transverse Size of the Nucleon
Beam Charge and Spin SUM:

Scsy = do(u*) + do(u™) « doBH + doD¥SS, + e, P, Im(I)

unpol

Integration over ¢ and BH subtraction — da®V®S/dt ~ exp(—B]|t|)

B (GeV?d)

8
i n < 40 weeks of data
B 1 1

6
! | 4 — eows 2.5 m LH, target

L q'=026
r H ZEUS <@>=320* T global =10%

Lo e e \ L=1222pb™"

dE CEERT e \

- ¢ o o o

st with ECALO+1+2 Ansatz at small Xg:

L al ] e . _IB(xg) = By + 2a’In(x4/Xg)
0™ 107 107 107 Xg

if o’ > 0.125 — accuracy > 2.50
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Cross-section Difference

Beam Charge and Spin DIFFERENCE:
Desy = do(u) —da(p™) « P,dapy®™ + e,Re(l) o« cf* + ci"cos(¢h)

c{,"‘{ « Re(F{); ReH(§t) =P [ dxH(x§t)/(x— &)
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Cross-section Difference
Beam Charge and Spin DIFFERENCE:

Desy = do(u) —da(p™) « P,dapy®™ + e,Re(l) o« cf* + ci"cos(¢h)

't « Re(FyH); ReH(§,t) =P [ dxH(x§)/(x—§)

o
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E=160GeV  &QP<4Ge 00xx<007 |« 40 weeks of data
VGG Reggeized (x,t)-correlation 2 . 5 m LH 2 ta rget
--------- VGG Factorized (x,t)-dependence
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Syst. error: 3% charge-dependent effect between u* and u~

Exp. constrain to
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Cross-section Difference - All Bins

—— VGG reggeized £ 2 B
e  Projected stat. errors %m %M %m
A
Projected sys. errors \ e\?
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Real and imaginary parts of H (¢, t) CFF

The use of both u* and u~ beams will provide a direct
access to the Re and Im parts of the Compton From Factors

Desy = do(put) —do(u™) o« g + ci"cos(¢), coi x Re(FyH)
Scsy = do(ut) + do(p) < doBH + cQVES + K- s!Mtsin(¢), si™ o Im(F;H)

and
ImH(¢,t) = Hx =&, ¢ t)

JdxHx ) [ dxHxxt)
x-8 = x-9

Really new information from D-term

ReH (§,t) =

+ Dterm
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2012 Pilot Run - 4 weeks '

BN L RN




/i FuII scale CAMERA detector
, and I|qU|d H2 target




Projection for 2012 Pilot Run

* ' Projection for 2 weeks in 2012

= ZEUS <Q>—1"(re\°
v HI-HERAT <Q > —4Cxe\'
« HI-HERA I <Q > =8 GeV’

« COMPASS <Q'> =2GeV’
in 2 weeks in 2012
with 40 weeksin 2015-16

1rst bar= stat. error; 2™ = stat + syst. errors
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Exclusive p° production with transv. pol. target

COMPASS 2007-2010,without recoil detector

RP2 1 +p% + Pronstects
a0
W =8.1GeV/c? p} =02 (GeV/c)2, Q® =22 (GeV/c)?
_ : sin(¢ - ¢s)
sin(¢ -9
A% NEW RESULTS Ayr o Im(E H)

Am( oreJ . Ep®oc 2/3 E¥+1/3 E9 + 3/8 E8
sn28-6) Cancellation between gluon and
Ayy » sea contributions and EvVa! ~ -gdva!

Asm(3¢ - ‘bs) e

i:(qns) Sm(¢s)
Ay o —> Ay xIm(E Er H'Hy

cos($-0,)
ALT ’ !

cos(2¢—¢s) |
Ay cos(¢s)
A8 —e— | —> Ay < R(EEr HHy

| L | L L | L
-02 -01 0 01 0.2 H; could be not small
< A >
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DVCS with a transversely polarized target

COMPASS-II (future addendum) : with p.+‘l‘, u’T beam and transversely polarized NH3 (proton)

160 GeV muon beam

oC Im(F'Z}[_ F'1 f) Sin(¢_ ¢S) cos ¢ 1.2 m polarised NH, target

®CS,T = ([0'7- Cu +‘[) - db'T 6” '7) 2 years of data

eglobal=10%
Asin(é—qﬁﬂcos@ )
CS,T
rﬁéi §§4H>§¥ »§+{é
az—+ + 0.zt +} + 0.z F}}
0.4 0.4f-® (0) COMPASS 160 GeV, 140 days 04}
H1=010(0.14)GeV .

= HERMES With ECAL2 + ECAL1

T - p e ot S -~ - R Rt e e
-t [GeVY X @ [GeV]
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COMPASS Il GPDs - Conclusions

— COMPASS-II will investigate quark GPDs through DVCS

e [ntermediate Xg regime not accessible to present or planned facilities in the
near future

e Two beam charges available with opposite polarizations

Constrain GPD H through ¢ dependence of D¢gy and Scsy

¢ Nucleon transversal dimension as function of xg
(“"Nucleon Tomography")

— Complementary information from exclusive meson production
— New pilot data collected at end of 2012 - more than 2 weeks

— |n a second phase, constrain of GPD E by using a transversely
polarized target
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