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[] Proton Structure and Transversity
[1 The HERMES Experiment

[] Single-Hadron SIDIS Production
[] Two-Pions SIDIS Production

[1 Summary and Outlook
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\Proton Structure in HEP I

] Proton structure investigated via short-wavelength
virtual photons emitted by impinging (E, k)
|

high energetic leptons: inclusive
Deep Inelastic Scattering ( [P — ' X)
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\Proton Structure in HEP I

L] Proton structure investigated via short-wavelength (E, k)
virtual photons emitted by impinging (E, K)
|

high energetic leptons: inclusive

Deep Inelastic Scattering ( [P — I’ X) Yy
P w
C)
[1 The cross-section is related to imaginary . .
: Y Y
part of forward (zero scattering angle) %
transition amplitude A (v*P — v*P):

O X

P
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\Proton Structure in HEP I

L] Proton structure investigated via short-wavelength (E, k)
virtual photons emitted by impinging (E, K)
|

high energetic leptons: inclusive

Deep Inelastic Scattering ( [P — I’ X) Yy
P W
d
[] The cross-section is related to imaginary . X
part of forward (zero scattering angle) % !
transition amplitude A (y*P — 7*P): ;
0 :

[1 Quarks configuration inside the
proton can be accessed p
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‘Proton Structure and Transversity I

[1 At leading order & twist we have only these helicity amplitud es
(neglecting over transverse quark momentum):
chiral-even chiral-even chiral-odd
T oA T Ay ToAL T
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‘Proton Structure and Transversity I

[1 At leading order & twist we have only these helicity amplitud es
(neglecting over transverse quark momentum):
chiral-even chiral-even chiral-odd
T oA T Ay ToAL T
[1 ...describing the following quark probability distributi ons:

Momentum: | ~ Im(Ayyoq +Ar_ ) | a(z) = ¢7 (z) + ¢ (2)

Helicity: ~Im(Apy g — A ) | Aq(a) = 7 (z) — ¢ ()

Transversity | ~ Im(A;_ ) hi(z) = q'M(z) — ¢V ()
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‘Proton Structure and Transversity I

[1 At leading order & twist we have only these helicity amplitud es
(neglecting over transverse quark momentum):
chiral-even chiral-even chiral-odd
T oA T Ay ToAL T
[1 ...describing the following quark probability distributi ons:

Momentum: | ~ Im(Aqy 4 + A+ ) | q(z) = qg(iﬁ) +q ()

Helicity: ~Im(Apy g — A ) | Aq(a) = 7 (z) — ¢ ()
Transversity | ~ Im(A;_ ) hi(x) = ¢'T(z) — ¢ ()

[] Transversity poorly known! Comparison of  Agq(x) & hi(x) gives

sensitivity to relativistic effects inside proton (differ ent Q2 evolution)
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‘How to Measure Transversity I

[] We need a process involving amplitude
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‘How to Measure Transversity I

[] We need a process involving amplitude A, _ __ (chiral-odd)

[ Inclusive Deep Inelastic Scattering ( Ip — I’ X)?

*

~

I

I

|

»

Lol
|
|
|
|

4 1 chirality conservation

P

——> does not provide access to transversity!
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‘How to Measure Transversity I

[] We need a process involving amplitude A, _ __ (chiral-odd)

[ Inclusive Deep Inelastic Scattering ( Ip — I’ X)?

*

~

I

I

|

»

Lol
|
|
|
|

4 1 chirality conservation

P

——> does not provide access to transversity!

[1 We need processes where odd chirality in proton transition
can be 'compensated’

——> to conserve chirality in the scattering process as a whole
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‘How to Measure Transversity I

[] Single-hadron semi-inclusive DIS y
| (5.1 lp — 'h X

Q== —(k— )2

SRy R o 4

2mp-v P [

— Z = Ehad/V @
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‘How to Measure Transversity I
[] Single-hadron semi-inclusive DIS y
| (5.1 lp — 'h X

— QQ — —q2 = —(k - k/)z
SRy R o v
lab  (Q?

— &= 2mp-v P

lab
— Z % Ehad/V

(] Cross-section: P~ ~ pP FF—1 @ gea—ea @ FFI—h

— TF (JFF) denotes a distribution (fragmentation) function
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‘How to Measure Transversity I
[] Single-hadron semi-inclusive DIS y
| (5.1 lp — 'h X

—>Q2=—q2:—(k—k’)2
SRy R o 4
lab  Q?

— &= 2mp-v P

lab
— 2 % Ehad/V

(] Cross-section: P~ ~ pP FF—1 @ gea—ea @ FFI—h

— TF (JFF) denotes a distribution (fragmentation) function

L1 Chirality of the process assured if both ~ TYF and JF are chiral-odd
— to get sensitivity to transversity, a suitable process/obs ervable
IS needed involving a chiral-odd fragmentation function
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Single-Spin Azimuthal Asymmetry I

L] Consider the asymmetry in the azimuthal angles ¢, ¢g with a

(¢,05)
(¢,05)

transversely polarized target Apr (6, dg) = Jh(sb ¢s)— 0%
h

(ST) Op (¢ ¢s)+o

and unpolarized lepton beam:
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The Collins Fragmentation Function I

O Collins FF : Hi" = Ppyt — Phygt =
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The Collins Fragmentation Function I
0 Collins FF : Hi = Pyt — Ppjgrt = @ _

chiral odd

'S B
0 Ayr(¢, ¢s) ~ sin(o + ¢5) >, eq T|h{(x, kr)H; (2, kp)| + ...

— T|...]: convolution integral over initial quark (  k7) and final
hadron ( k’T) transverse momenta
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The Collins Fragmentation Function I
0 Collins FF : Hi = Pyt — Ppjgrt = @ _

chiral odd

'S B
0 Ayr(¢, ¢s) ~ sin(o + ¢5) >, eq T|h{(x, kr)H; (2, kp)| + ...

— T|...]: convolution integral over initial quark (  k7) and final
hadron ( k’T) transverse momenta

L] If Collins Hf iS not zero:
— sensitivity to transversity appears
— although cannot directly extract transverse-momentum-de pendent
distribution function (due to the convolution)

[1 Additionally, other mechanisms contribute to Ay
— with a different ¢, ¢ modulation
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The Sivers Distribution Function I

[1 Consider the additional terms in azymuthal asymmetry:
. L
Aur(9, ds) ~ sin(¢ + bs) 3o, g T[h](x, k) Hy (2, k)] +

sin(¢ — ¢g) ), € I[ 1:’Fq(5’5 k) DY(z, k7)) +

chiral odd
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The Sivers Distribution Function I

[1 Consider the additional terms in azymuthal asymmetry:
Aur(@, ds) ~ sin(¢ + ¢s) 3o, ea T[h](x, k) Hi (2, kF)]+
sin(¢ — ¢5) S ¢ Tfi7 (2, k) D=, k7)) +

— DY(2) = [ dk2 Dz, k) = P}, é
— fl,T: Sivers TF = Pq/]\m — q/NiL = @

NOTE: fliT not measured yet!

Riccardo Fabbri MENUO7, 11 Sept. 2007 Transversity at HERMES -p8



The Sivers Distribution Function I

[1 Consider the additional terms in azymuthal asymmetry:
Aur(@, ds) ~ sin(¢ + ¢s) 3o, ea T[h](x, k) Hi (2, kF)]+
sin(¢ — ¢5) S ¢ Tfi7 (2, k) D=, k7)) +

— DY(2) = [ dkZ DI(z,K2) = Py, é
—> fl,T: Sivers DF = Pq/]\m — q/NiL = @

L] Sivers function related to quark orbital angular momentum

— M.Burkardt model
— A non-zero Lq should be reflected in a

non-zero Sivers TUF flLT
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The Sivers Distribution Function I

[1 Consider the additional terms in azymuthal asymmetry:

Aur (9, ¢5) ~ sin(¢ + dg) X €2 T[hf(w, k2)Hy (2, K2)]+
sin(¢ — ¢g) Y-, €2 I[fi7 (w, k3) Dz, KiR)|+

— DY(2) = [ dkZ DI(z,K2) = Py, é

—> fle: Sivers T =Py /Nt — Py/Nv =

:

L] Sivers function related to quark orbital angular momentum

— M.Burkardt model
— A non-zero Lq should be reflected in a

non-zero Sivers TF flLT

[] Collins and Sivers convoluted integrals have unique @, @g signature

— can be simultaneously extracted through a fit
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‘The HERMES Experiment at DESY I

' FIELD CLAMPS j TRIGGER HODOSCOPE H1

m

, E/IFEJ%NNT DRIFT CHAMBERS _- 270 mrad
HODO _ 170mrad —~

PRESHOWER (H2) P R

DRIFT }{ }‘ 1 i 140 mrad
CHAMBERS ~

; (- ilﬂ
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[] Gas storage target cell: Transversely Polarized  H with Pr ~ 80%

[] Forward spectrometer: 40 mrad < 6 < 220 mrad

L] Tracking chambers: = dp/p ~ 2%, 60 < 1 mrad

(1 PIDs: e/h separation efficiency > 98%, 7 /K= /pID: 2 < p < 15 GeV
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\SIDIS Production of Hadrons I
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\SIDIS Production of Hadrons I

etpl — ethX
| Data Selection: All data with transverse (T) target used (2002-05)

— ()° > 1 GeV? — W? > 10 GeV?
— 0.023 <2 <04 — 0.2 < 2<0.7
—y=v/FE <0.95 — 2GeV < P, < 15 GeV
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\SIDIS Production of Hadrons I

etpl — ethX
| Data Selection: All data with transverse (T) target used (2002-05)

— ()° > 1 GeV? — W? > 10 GeV?
— 0.023 <2 <04 — 0.2 < 2<0.7
—y=v/FE <0.95 — 2GeV < P, < 15 GeV

>, €2 T[h](z, k%) - Hy (2, k)]
>, €2 q(x) Di(z)

\ . J/

Collins Amplitude

Aur (9, ¢s)) ~ sin(¢ + ¢5)
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\SIDIS Production of Hadrons I

etpl — ethX
| Data Selection: All data with transverse (T) target used (2002-05)

— ()° > 1 GeV? — W? > 10 GeV?
— 0.023 <2 <04 — 0.2 < 2<0.7
—y=v/FE <0.95 — 2GeV < P, < 15 GeV

>, €2 T[h](z, k%) - Hy (2, k)]
>, €2 q(x) Di(z)

\ . J/

Collins Amplitude

Aur (9, ¢s)) ~ sin(¢ + ¢5)
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\SIDIS Production of Hadrons I

etpl — ethX
| Data Selection: All data with transverse (T) target used (2002-05)

— ()° > 1 GeV? — W? > 10 GeV?
— 0.023 <2 <04 — 0.2 < 2<0.7
—y=v/FE <0.95 — 2GeV < P, < 15 GeV

J_7
Zq eg I[hcll(aj,k%) - Hj q(z,kég)}

Aur(9, ¢5)) ~ sin(¢ + ¢s) S €2 q(x) DI(2)

\ . J/

Collins Amplitude

1,
Zq 63 I[ ng(.f,k%) ' Dq(z,kég)}

+...+sin(¢ — ¢3) Zq 6?1 q(x) Di(z)

\ . J/

Sivers Amplitude
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‘Collins Amplitudes for Charged 7TI

Sensitivity to 1y ® Hi-
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‘Collins Amplitudes for Charged 7TI

Sensitivity to 1y ® Hi-
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‘Collins Amplitudes for Charged 7TI

Sensitivity to 1y ® Hi-
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‘Collins Amplitudes for Charged 7TI

Sensitivity to  h; @ Hi-
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‘Collins Amplitudes for Charged 7TI

Sensitivity to 1y ® Hi-
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‘Collins Amplitudes for Charged 7TI

Sensitivity to 1y ® Hi-
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Fit Extraction of hq(x)

L[] Global analysis of experimental data on azimuthal asymmetr les in:
—- SIDIS: HERMES+COMPASS

—- €+€_ — hthXZ Belle
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Fit Extraction of hq(x)
L[] Global analysis of experimental data on azimuthal asymmetr les in:
—- SIDIS: HERMES+COMPASS
—- 6+6_ — hthXZ Belle

0.5

0.3+

Anselmino et al.: 0.2

0.1

X A U(X)

Phys.Rev. D75 054032 (2007)

-0.1—

o . . 0.1f
First time ever fit-extraction of A1 (x) o o
~—~ 0. —

For more see: A. Drago (soon after) &

X A d(x

-0.1
M. Anselmino (Friday)

_02 1 1 1 1
0.2 0.4 0.6 0.8 1
X
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Sivers Amplitudes for Charged

Sensitivity to  fi7 ® D
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2 Bin( 99l

2 Bin(¢-99)

X Z P, [Gev]
First indication of non-zero Sivers  TF I
Riccardo Fabbri
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Sivers Amplitudes for Charged 7/ K

Sensitivity to  fi @ D
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SIDIS Production of Two-Pions I
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SIDIS Production of Two-Pions I

[1 Complementary analysis to get sensitivity to transversity

[1 Advantages (compared to single-hadron analysis):
— Cross-section asymmetry directly proportional to hl(x)
(no convolution involved!)
— No Collins/Sivers ’entanglement’
— Completely independent from 1A analysis

[1 Disadvantages (compared to single-hadron analysis):
— Less statistics
— Additional unknown FF involved
(describing quark fragmentation into two pions)
— But it can measured at Belle & Babar
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Riccardo Fabbri

SIDIS Production of Two-Pions I

etpMN — etrtn—X

MENUO7, 11 Sept. 2007

Two new angles ¢p.., ¢ involved
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SIDIS Production of Two-Pions I

etpMN — etrtn—X

Two new angles ¢p.., ¢ involved

def d'o
7 LE ) unr)
where d oUun) = dxdydzdpsdpr | dcosOdmayr
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SIDIS Production of Two-Pions I

etpMN — etrtn—X

Two new angles ¢p.., ¢ involved

At leading order & leading twist:

1 d7O'Uﬂ—d7O'UU

AUT — St . d'opyy+dToyy ~
~ D eg sin(¢p1 + ¢g)sinb)] - h(f(x)Hf(’;p(z, Mg, COS 0)
def d'oup)

7 it
where d oUun) = dxdydzdpsdpr | dcosOdmayr
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SIDIS Production of Two-Pions I

[] Potential sensitivity to A1 (x)
[J New, unknown, non-perturbative object appears:  H;"*? (2, My, cos 0)

=> interference between tw o-pions in relative S-and P-waves
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SIDIS Production of Two-Pions I

[] Potential sensitivity to A1 (x)
[J New, unknown, non-perturbative object appears:  H;"*? (2, My, cos 0)
=> interference between two-pions in relative ~ S-and P-waves

L] To get sensitivity to  h
= measure kinematical dependences of Ay to pick up
(hopefully) sizable non-zero  2m-interference contributions
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SIDIS Production of Two-Pions I

[] Potential sensitivity to A1 (x)
[J New, unknown, non-perturbative object appears:  H;"*? (2, My, cos 0)
=> interference between two-pions in relative ~ S-and P-waves

L] To get sensitivity to  h
= measure kinematical dependences of Ay to pick up
(hopefully) sizable non-zero  2m-interference contributions

L] First results released:
= Data: 2002-2004 with H target (half of available statistics)

= Event Selection: etpM™ — eTrtr—X
NT NV
1 71""71'_ 7r+7r_

ST> NJTT"'W_ +N7lrL+7r
= Amplitude of sin(¢r| + ¢g)sin @ modulation extracted via  y? fit

= Experimental measured quantity: Ay = <
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‘Two-Pions: Preliminary Results I
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[1 Non-zero extracted amplitude

[1 Main effect around ,00 —> contribution from interf. of
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X
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VA

= hy(x) - H;*" not zero

27 in S-P wave
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‘Two-Pions: Comparison with Theory I

Two model predictions on 2 7 formation available
— Fragmentation into 2 7 modeled via:

S- & P-wave phase shifts from Non-res S-wave; more P-wave chan’s
elastic scattering via 0/,0O resonances Spectator ¢ — 7T~ X contrib. included

Jaffe et al.: PRL 80 (1998) 1166 Radici et el.: PR D74 (2006) 114007
i 0.2

o
o

sind;sind, sin(0,-0,)
\

o
o N
i i i i i i ‘ i i i i i
A;}Y§S¢R+¢S)

O
N
\

-0.4 |-

Ly 04 06 08 1 1.2

0.5 0.6 0.7 0.8 O.Qm(Gei/) Mh (GeV)
L1 Preliminary results seem to favour Radici’s model (no sign c hange)
[1 More precise statement might come after analyzing all avail able data
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Conclusions & Outlook I

[1 Several observables related to internal structure of proto ns shown
—> first measurements were provided by HERMES

Riccardo Fabbri MENUO7, 11 Sept. 2007 Transversity at HERMES -p19



Conclusions & Outlook I

] Several observables related to internal structure of proto ns shown
—> first measurements were provided by HERMES

— single-hadron SIDIS analysis

L] First indication of non-zero transversity distribution hq
—> sofar, the remaining still unknown LO quark distribution
LI First indication of non-zero Sivers ~ TJF ffT
—> evidence of non-zero L (a completely unknown quantity)
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Conclusions & Outlook I

] Several observables related to internal structure of proto ns shown
—> first measurements were provided by HERMES

— single-hadron SIDIS analysis

L] First indication of non-zero transversity distribution hq
—> sofar, the remaining still unknown LO quark distribution
LI First indication of non-zero Sivers ~ TJF ffT
—> evidence of non-zero L (a completely unknown quantity)

— two-pions SIDIS analysis

L] First indication of a non-zero 27 JF (using half of available statistics)
—> implying that this channel can be used to study transversity

[1 Analysis including all the data (double statistics) on-goi ng
—> Potential constrain on hadron formation models
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Conclusions & Outlook I

] Several observables related to internal structure of proto ns shown
—> first measurements were provided by HERMES

— single-hadron SIDIS analysis

L] First indication of non-zero transversity distribution hq
—> sofar, the remaining still unknown LO quark distribution
LI First indication of non-zero Sivers ~ TJF ffT
—> evidence of non-zero L (a completely unknown quantity)

— two-pions SIDIS analysis

L] First indication of a non-zero 27 JF (using half of available statistics)
—> implying that this channel can be used to study transversity

[1 Analysis including all the data (double statistics) on-goi ng
—> Potential constrain on hadron formation models

L] Finalization of the analyses for publication is on-going
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‘Vector Meson Contamination in 1/ Analysis I

[] Possible contribution to asymmetry measured
exclusive vector meson (VM) production decay not kn

Fraction

of contamination

from VMs simulated
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‘Isospin Symmetry for 7 Production I

[1 Assuming 7 strong isospin symmetry holds at HERMES
— Hf(u—7")~ H(d— 7n); Hf(d — ") ~ H(u — 77)
— 7 Collins/Sivers amplitudes should be related to each other:

R = Af + CA% — (1 4+ C)Af, = 0 C’—Uunpol/a

unpol
kD 006 5 O
> o 17 ' HERMES PRELIMINARY 2002-2005 ~ 012 [ i " HERMES PRELIMINARY 2002-2005
S 0.04 [ [ lepton beam asymmetry, Collins amplitudes S C L lepton beam asymmetry, Sivers amplitudes
49_- - 8.1% scale uncertainty \% 01 F | 8.1% scale uncertainty
E . i [ .E i i
4 002 - | - @ 008 [ - -
~ - l - L N - o T B
0 -4--e---l- S R I R o o C
1 [ l 1 I 1 ] . - | | F
L L L L L ° L
0.02 ¢ | n ‘ | - I 0.04 I~ | ? - | T n T l !
® L L r r r
- i T - 002 | ¢ | C 4 B |
-0.04 _— — — . L © T L ® L °
: : : o] ] ]
006 N N -
I . — -0.02 - — —
'0.08IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlll”l”lll”l”lll”ll v Ty Ty Ty Ty Ty Ty T vy T T T Ty Ty
0.1 0.2 0.30.2 03 04 05 0.6 0.2 04 06 08 1 0.1 0.2 0.30.2 03 04 05 0.6 0.2 04 06 08 1
X z P.;[GeV] X z P.;[GeV]

U Reotiins = 0.0173 £ 0.0139 U Rgivers = —0.0022 £ 0.0141

L] Internal consistency verified within ~ 1.30
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Two-Pions Analysis: Complete Cross-section I

etp™ — etptr—X

_ 1 dioyr
AUT — Sr d7UUU

O = O'UU(l —+ ST . AUT)

At leading twist and leading order:

drdydzdpsddr | dcos Odmr
2 2

A~ €E
>y ot (1= y +42/2)¢"(2) Dy (2, Mir, cO8 )

d7O'UT def 7
U rdpdeddsdon deosfames — 40U — d"oyy =

) sin Oh{ (x)H (2, My, cos0)

Oé 6
—[ISLI DS, gty (1) /1 — 4
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Two-Pions Analysis: Legendre Decomposition I

1 cos 6-dependence factorized out

H(z,Mrr,cosb) = Hi’l}g}%(z,mﬁw) + Hi’fg(z,mww)i cos@...

D(z,mzr,co80) = Dyy(z, mpr) + DISJpL(z,me) cos 6§ + DII)JPL(z,mWW)i(ZS cos 02 —1)...

[1 Decomposition plugged into Ay expression

<, . 1 <, .
hl(:c) ) Hl’(??(z,mmr)Sln9+§H1’f£(z,mﬂw)sm20

a(z) Dyy (z,mwﬁ)—l—DsUpL (z,mpyx) cos 9+DIID,I}, (z,mnr) % (3cos 62—1)

Ayt ~ sin(¢r1 + ¢s)
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