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The experiments
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The experiments » overview

COMPASS HERMES CLAS Hall-B
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The experiments » beams and targets

COMPASS HERMES

CLAS Hall-B

beam type ut e™ e

beam pol. longitudinally longitudinally longitudinally
(M) (%) ~ 80 ? 75 — 85
beam energy 160 GeV/c 27.6 GeV/c 5.5 —6.0GeV/c

target type
target mat.

target pol.

(Pr)(%)
(f) dilution factor
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solid state
proton (NHg)
deuteron (°LiD)

gaseous
proton (Hz)

transversely transversely
~ 47 and ~ 90 ~ 74
~ 0.40 and ~ 0.16 1
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liquid & solid
proton (Hz)
proton (NHg)
longitudinally
~ 30
~ 0.16



The experiments » particle 1D
COMPASS HERMES CLAS Hall-B

momenta 7 1.5 - 50GeV/c 2 —15GeV/c 0.3 —2GeV/c
purity 7+ ~ 99 % > 98 % very high for 7
momenta K= 9.5 —50GeV/c 2—-15GeV/c good for m~
purity K+ > 90 % > 98 % -
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Theoretical framework
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Theoretical framework » leading twist PDFs 1

3 independent parton distribution functions (PDFs) are necessary to describe
the spin structure of the nucleon in leading twist in the collinear case:

S

o

2

S quark

= U L T

U | fi number density

L g1 Helicity

T hi Transversity
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Theoretical framework » leading twist PDFs 2

Taking into account the quark intrinsic transverse momentum k7, at leading
twist in total 8 PDFs are needed:

Chr.

S
S
© quark
Z U L T
U | fi number density hi- Boer-Mulders
© @ - @
L g1 Helicity Worm—gear L
© -0 . &
T fro Sivers g1 Worm-gear T | h; Transversity
@& | o | 00
L. Pretzelosity
B
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Theoretical framework » subleading twist PDFs

Envolving to subleading twist adds another 16 PDFs:

S

O

=

S quark

< U L T

U | number density f hi- Boer-Mulders

sub ft g+

L Helicity g1 Worm—gear L

sub & 97 hL, €L

T fro Sivers gi7 Worm-gear T' | h; Transversity
Pretzelosfcy

sub fT? fT qgr, g% hT7 €T, hT7 6T
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Bacchetta A. & Radici M. arXiv:hep-ph/0311173 (2003
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Theoretical framework » dihadron cross section

Selection of relevant parts of the full dihadron cross section:

d'oyr =

oo |81 S e2B(y)sin(n + bs) ot b (2) H (2,6, M) + .

d7O'UL — )

a? R . a
ZWQQySL Za 62 V(y)81n¢R’ QT| J\%hxh ( )]{<I (Z,f, M? ) -+
d'ory =

o2 . R . a
ZWQQy)\Za ez W (y)sin ¢R‘ 5| ]\f_\,fhxe (2)Hy"*(2,&, MB) + ...

hi Transversity PDF

h;, subleading twist PDF of transv. polarized quark in long. polarized nucleon
e subleading twist PDF of transv. polarized quark in unpolarized nucleon
H Interference Fragmentation Function (IFF)

v

Bacchetta A. & Radici M. arXiv:hep-ph/0311173 (2003)
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Theoretical framework » kinematics 1

(+ NV S0 +h+h+ X

Fragmentation of a transversely polarized quark into a pair of
unpolarized hadrons

k, k' and g are 3-momenta of incoming, scattered lepton and virtual photon
¢s azimuthal angle of the spin S of the fragmenting quark
p; is the 3-momenta of h;

z; is the fraction of the virtual-photon energy carried by h;

Py, is the sum of p; and p,
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Theoretical framework » kinematics 2

@ Definition of relative vector of the two hadrons slightly different between
HERMES and COMPASS:

» HERMES: R = (p; — p2)/2 , Ry = R — (R - P;,) P, thus Ry is the
component of py orthogonal to perp. to Pp and ¢g() the zimuthal

angle of R about the v* direction
» COMPASS: R = 2P121P2 whijch is invariant against boosts in the

z1+22
~v* direction?
— The azimuthal angle of ¢r(y) :

_ (gxk)-R(p (axk)-(axR(Ty)
Pr(L) = |(aXk) R arccos laxkllgx R(r)]
by = (aXk)-S(T) ATCCOS (axk)-(axS(1))
S T(gxk)-S(1)] laxk|lgx S Ty

Y¢f. Artru & Collins, Z.Phys. C69 (1996) 277-286
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Theoretical framework » asymmetry extraction e.qg. Ayr

Nh"‘h— (LE, Y, <z, M}%ha COS (97 ¢RS) X
O‘UU(l + fPTDNNAsm SRS sin @ sin QbRS)

¢rs = ¢r(L) + ¢s (COMPASS uses additional phase of —7 leading to
sign change)
0 polar angle of h; in the dihadron rest frame w.r.t. the P; direction
oyy unpolarized cross section
+ indicates nucleon spin orientation
f target dilution factor
Pr target polarization

Dnn(y) transv. spin transfer coef.

ASIH QbRS sin 0 X Zq 63 h{](l‘) qu(Z,M}%,COS 9) J

S, & (@) Dy q(2, M7 cos0)

fi number density

D1 unpolarized Interference Fragmentation Function
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Data selection
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Data selection » cuts
COMPASS HERMES CLAS Hall-B

DIS cuts &

acceptance:

Q*(GeV?/c?) > 1 > 1 > 1

Y 0.1 —0.9 0.1 —0.85 0.44 — 0.77
W(GeV/c?) > 5 > 3.16 > 2

x 0.003 — 0.7 0.023 — 0.4 0.1 —0.7

hadron & pair
cuts & acceptance:

z of each hadron > 0.1 > 0.0 0.15 —0.76
xr of each hadron > 0.1 > 0.0 > 0.0
Fiss(GeV) > 3.0 > 0.0 > 1.5
R1(GeV/c) > 0.07 > 0.0 > 0.0
M (GeV/c?) 0.3 —2.5 0.5 — 1.0 0.24 — 1.4
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Data selection » kinematic distributions 1

COMPASS HERMES CLAS Hall-B
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Data selection » kinematic distributions 2

COMPASS

HERMES

CLAS Hall-B
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Data selection » kinematic distributions 3

COMPASS HERMES CLAS Hall-B
x10° COMPASS 2007/2010 proton data
2 450- [Jrere | invariant massn* ° | hist M_dihad
= 400 0.035¢ Entries 1236239
§ 350 0.03} 5000 [ Mean  0.5483
o 300 0-025 3 RMS 0.1968

250 4000 -
200
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Clear contributions from resonance decay in the invariant mass
distribution in the data of all three experiments

o 1 (548 GeV/c?) and 1’ (958 GeV/c?)
o w (783GeV/c?)

o KV (498 GeV/c?)

o 0 (776 GeV/c?)

@ indication for higher mass resonances in COMPASS data
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Data selection » mean values 1

HERMES
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Data selection » mean values 2

HERMES
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The asymmetries

Ayr

7tm~ pairs

HERMES and COMPASS
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HERMES » 777~ dihadron asymmetries A ;7
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Clear non-zero asymmetry amplitudes in high z region
and in p" mass bin

— First indication of a non-zero h; Transversity PDF and H;® IFF

A. Airapetian etal. [HERMES Collaboration], JHEP 0806 (2008) 017
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COMPASS » 7771~ asymmetries A

COMPASS 2007/2010 proton data
@ 0.1F — o —
f‘é T
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myv

< Clear asymmetry amplitudes of 777~ pairs in high z region
and around the p° mass

— Confirmation of HERMES results with increased statistical
precision in a larger kinematic range in x and M;,, with a higher <Q2>

v

Braun C. DIS2013
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HERMES vs. COMPASS » 7t7~ asymmetries Ayt

COMPASS 2007/2010 proton data

C/I\é 0.1 i ® x>0.032
éma 0.05+ | O ﬁél%\?l%zs N
[ S S T — BT I S
(} { ¢ ¢ 5 {’

-0.05- % Eé{» . % % SR % % {'Hé} ¢

0.1F - =

-0.15- - =

1(')2 1(',1 | 05 | 1 05 1 15 2

X z M (GeV/c?)

nv

— Good agreement between HERMES and COMPASS results

within the uncertainties.

HERMES data scaled with Dim = 1_3/;::;2/ 2 and sign changed
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HERMES vs. COMPASS » 77— asvmmetries Ar
COMPASS 2007/2010 proton data

_0-15_||||| 1

x < 0.032

Bacchetta, Radici

Ma et al.: SU6
- = = Maetal.: pQCD

® x>0.032&M . <1.5GeV/c2 [~
¢ HERMES data mult. by -D_

1072 107!

X

1 1 .IS
MT ™ (GeV/c?)

— Common trend of data and model predictions

@ Good agreement in x and z dependence

e Very good agreement around p” mass in strength and shape

e No significant asymmetry amplitude from in 7, 1/, K® and w

region?

y
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Bacchetta A. and Radici M., Phys. Rev. D 74 (2006) 114007
Ma B.-Q. et al., Phys. Rev. D 77 (2008) 014035
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COMPASS » h"™h™ asymmetries A‘(Z]T

[]

cg 0.05} i { COMPAS§ 2002-2004 deuteron
@m 0: :“WJ T -
- it LI %
5 -0.05} T -
; “.. | - h"h" pairs
'0-1: - — Bacchetta et al. s
N o Ma et al.: pQCD ;
-0.15_- N pQ N
E ol Lol v aanlk ] ! | ! | ! ] ! ST T T
102 10? 102 04 06 0.8 0.5 1 1.5 2
X Z M, [GeV/c?]

Adolph C. et al. [COMPASS Collaboration], Phys. Lett. B 713 (2012) 10
Bacchetta A. and Radici M., Phys. Rev. D 74 (2006) 114007
Ma B.-Q. et al., Phys. Rev. D 77 (2008) 014035

— Asymmetries for deuteron target compatible with zero within
the uncertainties

The models also predict a cancellation of the u and d quark
transversity on the deuteron.

4
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HERMES & COMPASS » extraction of transversity

thi'(z) — 7hi (z)

_ B 1T Combination of valence
0. 4f : u, d flavors for the

i transversity distribution
0.3" | from:

black:

0.2¢ HERMES Airapetian et.

E- al., JHEP, 06 (2008) 017
0.1 7 red:

‘l{; ] COMPASS Adolph et.
0.0-1"1 l | al., Phys. Lett. B 713

I 7 (2012) 10-16,

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 arXiv:1202.6150
X

talk by A. Courtoy

A. Bachetta, A. Courtoy and M. Radici, PRL 107 (11), arXiv:1206.1836
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The asymmetries

Ayr

_|_

7Y and 77" pairs

HERMES
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HERMES » 770 & 7 7" new formalism 1

RS 0" . h |€1,m1 h' |£27m2

......

@ Artru/Lund string fragmentation model cannot be easily related
to the published notation

e D; is unpolarized FF with (x = x/)

o Hi is generalized Collins FF with (x # x')

e Fragmentation functions expanded into partial waves in the direct
sum basis |¢, m) (rather then direct product basis |£1,my) |f2, m2)):

o0 14
D1 =3 3" Pr(cos®) ™R D™ (5 My, [kr|)
/=1 m=—/
o0 14
HE =33 Pyy(cosd)e™@n=o) g™ (o My, ko))
/=1 m=—/¢

Gliske S. PhD thesis (2011)
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HERMES » 777° & 77 new formalism 2

%@% =13d0=1PSM + 1long. VM + 2transv. VM
e PSM = |0,0); long. VM = |1,0); transv. VM = |1, £1)

@ Artru/Lund: PSM asymmetry has opposite sign of transv. pol.
VM (left vs. right) and |1,0) is zero

e Collins FF includes pairs of dihadrons: CG algebra — |2, +2) with
opposite sign as PS (¢f. Collins 7+ vs. 77)

y

|1, 1) moments allow collinear access to the transversity PDF

= HlL L) is related to usual IFF H; including also pp interference

12, +2) moments are transverse momentum dependent and related
to string fragmentation models

: : 1]2,+£2
= Cross-section has direct access to H; 2,42)

= HlL 2%2) should have opposite sign as pseudo-scalar Hf

v
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HERMES » 77" & 7 7" dihadron asymmetries |1, 1)
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< |1,1) limited statistics for 7=°

@ still sizeable mean asymmetry
e consistent signs of all 770 pairs

@ Despite uncertainties, may still help constrain gl
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HERMES » 7777, 777’ & 7~ 7¥ dihadron asymmetries |2, +2)
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— |2, —2) moment is compatible with zero for all combinations:

Transversity TMD causes frag. quark to have positive polarization —
12, —2) must be zero as this PW requires negative polarization

— |2,+2) moment is consistent with model expectations:

No indication of any signal outside the p mass bin — no non-resonant
pion-pairs in p-wave

Wy
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The asymmetries

AUL and ALU

_|_

T pailrs

JLab
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JLab » 7t71~ dihadron asymmetries A

o 0.05
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— Sizeable asymmetry amplitudes, from independent data sets
— Very small statistical uncertainties
= Compatible results from 2 different setups

o elf (21 fb_l): unpol. liquid hydrogen target, Fpeym = 5.5 GeV,
(AN =T75%

o egl-dvcs (50fb~1): long. pol. NHs target, Epeam = 5.967 GeV,
(Pr) =80%, (\) = 85%

4
Chr. Braun (Univ. Erlangen) Dihadron production in SIDIS exp. PSHP 2013, Frascati 35 / 53
Pereira S.A. Como?2013




JLab » dihadron asymmetries Ay,
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— Sizeable asymmetry amplitudes
— Very small statistical uncertainties
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The asymmetries
Ayr
pairs with strangeness: K"K, K7~ and n " K~

HERMES & COMPASS
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COMPASS » 2 + », M;,, and FE,,;ss distributions
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COMPASS » (), vs.z distributions
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COMPASS » M;,, vs. z distributions
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COMPASS » KTK~ asymmetries A

CoM

[PASS 2007/2010 proton data
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— no clear trend & large statistical uncertainties

@ weak indication of a non-zero asymmetry at high x

@ weak indication of a non-zero asymmetry at high z
e indication of a wide dip at M, ~ 1.4 GeV/ c?
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COMPASS » KTK~ asymmetries Ayt

®  positive kaons
<€ ® negative kaons

COMPASS 2007/2010 proton data

‘ i —0.1
=0.15 B B _—
~0.2 - - ) —

| SRR Ceee— ] L

—0,25_|||||||| Ll T B 1 OIS 1 1| — 0|5 1| 1|5 2 _0'2 lllllll 1 11 |||l|| 1 L1 111
-2 -1 . . .
10 10 - , 10—2 10—1
X z M, = (GeV/c)

— no clear trend & large statistical uncertainties
@ weak indication of a non-zero asymmetry at high z

@ weak indication of a non-zero asymmetry at high z
e indication of a wide dip at M;,, ~ 1.4 GeV/ c?

Braun C. DIS2013
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COMPASS vs. HERMES » K*K~ asymmetries Ayt
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COMPASS » 777~ & K"K~ asymmetries A%
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2002-04 deuteron data 2-hadron asymmetries: 777~ pairs (top), KT K~ pairs (bottom)

— hTh~ asymmetries follow mostly 777~ signal

7T~ asymmetries are small and compatible with zero
KT K~ no signal & low statistics
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COMPASS » 77K~ & K'Tn~ asymmetries A%
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2002-04 deuteron data 2-hadron asymmetries: all 77 K~ pairs (top), K7~ pairs (bottom)

— 7t K~ & K*n~ signal compatible with zero

weak indication of opposite sign of the signal in x dependence
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COMPASS » Ktn~ asymmetries Ayt

COMPASS 2007/2010 proton data
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e negative mean value with constant trend in z
e weak indication of a non-zero asymmetry at low and high 2

o indication of a wide dip at M;,, ~ 1.0 GeV/c?
= indication of signals from K*/Kj o decays

o

Braun C. DIS2013
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COMPASS » Ktn~ asymmetries Ayt
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e negative mean value with constant trend in z
e weak indication of a non-zero asymmetry at low and high 2
o indication of a wide dip at M;,, ~ 1.0 GeV/c?

= indication of signals from K*/Kj o decays

Braun C. DIS2013
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COMPASS » 7t K~ asymmetries Ayt

COMPASS 2007/2010 proton data
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@ 7z no signal
e z significant slope with a relative maximum around 0.45

e M,,, no clear signal

= No clear signal in mass range
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Braun C. DIS2013
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COMPASS » all identified pairs Ay
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Conclusion and outlook
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Conclusion and outlook » Conclusion

General

@ non-zero Transversity TMD PDF h; and IFF H®
COMPASS

@ Fullset 77n~, KTK~, K™n~, 7K~ from proton data
HERMES

@ 7570 pairs will assist in the u-d flavor separation

@ Unique access to the TMD spin structure of fragmentation
@ Testing the Lund/Artru model via |2, +2) moments

@ |2, —2) must be zero if h; causes the fragmenting quark to have positive
polarization as this partial wave requires negative polarization

@ |2, +2) no non-resonant pion-pairs in p-wave, sizeable for pi, zero for p°
JLab 6 GeV

@ sizeable Ay, Ay asymmetries of 777~ with very small statistical
uncertainties
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Conclusion and outlook » Outlook

COMPASS

@ Reanalysis of deuteron data with homogeneous cuts, binning and methods

w.r.t. proton 2007/2010 analyses for a full flavor separation incl. strangeness

@ rtr7° pair asymmetries

@ Ayr, Arr asymmetries

HERMES

@ KTK~ (some data near ¢ mass), vy, 7 vy, KTn~, n T K~
JLab 6 GeV 1 |

@ 7 7¥ pair asymmetries 8 j@é‘ @’\'\06

@ double spin asymmetries 6 \_\‘L}(..\cc“‘\:'\\\\
JLab 12 GeV . o

@ larger (Q* coverage , v

@ data with z up to 0.6 . |

o1 02 08 04 05 06

@ Kaon sample with 7/K separation at %
3 — 8 GeV/c = strangeness

@ Transversal and longitudinally polarized H, D
(CLAS12) and ®He (SolID) targets
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Thank you for your attention!
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