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are DiFF andWhere|to extract them
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do we need them ?

the quest for transversity: Collins vs. IFF

Who

did what ? (= the present situation)

Which|are the latest “press news  ?
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the

What

and the

Where

GGeneral framework




Single—hadron fragmentation

Kt-dependent fragmentation functions

project out :

from g-q correlator A r .
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Single—hadron fragmentation

i Integrate over the transverse momentum

quark h
B Standard fragmentation functions Di]_m (z)
No Collins fragmentation function H 1L Tyt (2)

quark ¢
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Single—hadron fragmentation

Integrate over the transverse momentum

quark

Standard fragmentation functions Dq_>h ( z)

No Collins fragmentation function
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Di-hadron fragmentation

Kt-dependent DiFF Pl%% Phxgl

(3
from q-q correlator A(z1,25,K1,Rr) q } b e
project out : TV\JL |
Ty [A’}/_} T Di]%hl}u(ZlyZZ)K’%?R%)KT RT) h].

quark
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Di-hadron fragmentation

Integrate over the transverse momentum

M, 4m?2
R|= 2R 5l
) 2 M}%

/dKTDithhQ(ZLZ2,K:2mR2T,KT'RT) L iR

/dKT (8L x Kr) H; 7M™ 4 (ST x Ry) HY M2 5 (S% x Ry) HP 97l o
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Di-hadron fragmentation

Integrate over the transverse momentum

M, 4m?2
R| = 22k g iy
bl M2

/dKTDithhQ(ZLZ2,K:2mR2T,KT'RT) L iR

/dKT (8L x Kr) H; 7M™ 4 (ST x Ry) HY M2 5 (S% x Ry) HP 97l o

: h1 h i
e Chlral—odd H S SUrvives ' memo: hi,h, must be distinguishable!
1 ( g

quark
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Where do DiFF occur?

electron

\
T

positron oroton

2 pions

ee* to pions p-p to pions
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Where do DiFF occur?

Factorization
( at NLO & LL, same DGLAP as single-h case

|ept0ﬂ |epton E Ceccopieri,M.R.,A.Bacchetta, P.L.B650(07) )

Universality

electron

\
T

positron oroton N

2 pions

e~e* to pions p-p to pions
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Where do DiFF occur?

Factorization
( at NLO & LL, same DGLAP as single-h case

|epton E Ceccopieri,M.R.,A.Bacchetta, PL.B650(07) )

Universality

electron

\

2 pions

SR

positron

proton -

e~e* to pions p-p to pions

sabato 10 novembre 2012



OPAL, ZPC56 (92)
(b)

Non trivial !

I[lllIIIT;II!I’IEII||I1II|IIII1TIII|I!IIEIIIIII

|]'II|J_II||IIlJJIIl[IJlJllIIlI]lllll|IIIllll

0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 . 1.8 2
M) (GeV)

o
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hadron collisions

B Invariant mass spectrum

ﬂ —Sum
Minimum Bi@sp+p J} . K°
. S
40.6<p;<0.8 e ®

T

STAR, PRL92 (04)

15

10

IIITlITITIITI

B In-medium modifications

Q s
S
2 F &7 B Mass shifts (Q)
g soé_ Peripherésg
3 F Szt
O 50:— 0.6< pT< 0.8 G&V/c k [0)
i 1F .
“oF | z- B Jet quenching
30kt %05 1 s 2

N
o

'-BIIIEIIIIIIIII[II_‘
L i

—_
o

.

] .

EETY A
-

LT
bl g

o

L 1 1 L L L I L 1 L l 1 1 L l L L
0.6 0.8 1 1.2 1.4
Invariant Mass (GeV/cz)

o

S — S
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SIDIS

Invariant mass spectrum

HERMES, JHEPO6 (08)

S
D, f <
: « HERMES
=l — Pythia
©
Q
m b
0.2 L 0.4 [i#9 0.6 o 0.8 1 1.2 14

M__ [GeV]
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the Why

how to extract transversity:

Collins vs. IFF
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The Collins mechanism

J. Collins, NPB396 (93)

3

‘ ; Ke—

‘ " 4 ’
> , .7 Bf

RO, .’ !/

k —;—[>_ ) 0 <&— C(Collins angle
if/ | |
§ 4

kxPh-SToccos(g—gb):Singb

transverse motion of hadron

spin analyzer of fragmenting quark
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The Collins mechanism

J. Collins, NPB396 (93)

3 4
‘ ; P C—
‘ 7 ’»
a)\ 7 Ph
. AN . )
K ———h/. / 0 <«— Collins angle
> S‘ '
. T 'l'

kxPh-SToccos(g—qb):Singb

‘ transverse ‘motion of hadron

spin analyzer of fragmenting quark
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Ettects of TMD evolution

0.04

M. Aybat, T. Rogers, PRD 85 (12)
M. Aybat, A. Prokudin, T. Rogers, PRL 108 (12)

0.03 HERMES, COMPASS
Z

<I5 0.02-\ RHIC B E |_ |._ E

sin (6, —0,)

0.01—
0
~0.01 | | | | |
20 40 60 80 100 | | |
Q2 (GeV?) M. Anselmino, E. Boglione, S. Melis,
PRD 86 (12)
‘SlVERS‘FUNCTlON - TMD ‘SlVERS‘FUNCTlON - DGLAP
QN 24 B i ey 0812} F Ty T e T
008 | ' — 0.08 F 5
X : PYe [ ]
Ev 0.04 Ev 0.04 '
X 004} X -0.04 | :
Tt R 10j5 - F40:
X X
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Ettects of TMD evolution

0.04

M. Aybat, T. Rogers, PRD 85 (12)
M. Aybat, A. Prokudin, T. Rogers, PRL 108 (12)

0.03 HERMES, COMPASS
Z

<I5 0.02-\ RHIC B E |_ |._ E

sin (6, —0,)

0.01—
0
~0.01 | | | | |
20 40 60 80 100 | | |
Q2 (GeV?) M. Anselmino, E. Boglione, S. Melis,
PRD 86 (12)
‘SlVERS‘FUNCTlON - TMD ‘SlVERS‘FUNCTlON - DGLAP
9 e 0812} F Ty T e T
008 | — 0.08 F 5
X : PYe [ ]
Ev 0.04 Ev 0.04 '
X 004} X -0.04 | :
Tt R 10j5 - F40:
X X

is it similar for Collins effect ? Need to check..
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SIDIS
(2.5 GeV?)

collinear
evolution PEEEE
(100 GeV?)

il

D

evolution

?

D. Boer, NPB806 (09)




Comparison with models

X hy(x)

-0.2| " down (x2) Q2=2.4 GeV?
0.0 02 0.4 0.6 0.8 1.0

X

[0] M. Anselmino et al., arXiv:0812.4366 [1-8] models
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TMD factorization — TMD evolution

B 00O 'ﬁ’\‘)\ “* 3" “‘) 3(“}**
. CODVO]UtiOI’l ot {4 g = ('_1%,1» .4(/1‘-4/3 +- )\ o+l )‘1 ,g_‘

B Soft factors

8 Evolution and Sudakov form s et i 2T 2
\ \ . A\ 4" DJ N\ Iﬁn’\ 1 '?”‘ £
factors (G e -L2) = 4(x-byT2)=2 (2 N3y

is there a way to skip all this ?
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TMD factorization — TMD evolution

(% F 2 ) = -2y +40) + 4 (47l ) + FLR T
B Convolution IR R e

: ¢~ XY= = '-“, s %1 4\/ 1 ‘lo)\ +~ ey
B Soft factors 31 15y . 05T 0
- v Jlato0)° 5(@1!0\ A ATl

15h = 3a12D 412 ¢+ ¥

8 Evolution and Sudakov form i R R
A “;!)(!\4 S2JMNY |5IT\ t ,Pﬂ" o
factors (| i -2 4(xba ~T2)=2 I 3y

is there a way to skip all this ?
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The IFF mechanism

Collins, Heppelman, Ladinsky, NP B420 (94)

K ,');_‘} /"I:IQRT P, xRy St o cos(¢s,, — (@ry +7/2))
s, Y > P = cos(r — ¢s — ($rr +7/2))
\/ PZ’. = SiH(gbRT -+ gbs)

azimuthal orientation of hadron pair

spin analyzer of fragmenting quark
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SIDIS SSA: Collins vs. IFF

1—y Zq eg [hil@HlJ:q—ﬁz} (ZE?Z?P}?J_)

ASin(¢h+¢s) 184
Iy +42/2 2, €2 (@) Digon(?)

T

(CIZ,y, 25 Pf%J_) =5

M.R. et al., PR D65 (02); A. Bacchetta & M.R., PR D67 (03)

e R| 2q¢q Mi(@) HY ) rvn (2 My)
ISy 2 2 St fi (D e e (il o)

: % "y
A?}r}(aﬁR ¢g) sin (z,y, 2, M2) =

R| = —
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SIDIS SSA: Collins vs. IFF

M.R. et al., PR D65 (02); A. Bacchetta & M.R., PR D67 (03)

: b it
A?}IIISQBR G i (CE,y,Z,M;%) T b

R| = —
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one technical detail, first..

qu(zl,ZQ,M;%) = =N Wil L) %Hfffp(z,Mﬁ)—FCOS@Higp
C —

T =a-+bcosl

Z
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one technical detail, first..

qu(zl,ZQ,M;?) = =N Wil L) %Hfffp(z,Mﬁ)—FCOS@Higp
C —

T =a-+bcosl

Z
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one technical detail, first..

HY (21, 29, M) =2 = 21 + 2 ~ Hi L (2, M§) + cosOHT 7,
C221_22:a+b6080 \
%
partial wave expansion W€igh‘t of
in Legendre polinomials interterence

of cosO (TT0)s and (TT7TT),
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one technical detail, first..

qu(zl,ZQ,M;%) —z = 21 + 29 szfsqp(z’M}%)+Cong1<f;1p
C221;Z2:a—|—bCOSH \
partial wave expansion weight of
in Legendre polinomials interference
4T ko 4R (TT)s and (TTTT),
SIDIS Aot mé(e .2 3ty = Loy B Eychllo) Hi (e, M

Ty y?/2 My T3 el ) i
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one technical detail, first..

qu(ZhZQ,M;%) —z = 21 + 29 zHEqu(Z,M}%)+COSQH1<f}§1p
C221222:a—|—bCOSH \
partial wave expansion weight of
in Legendre polinomials interference
4T ko 4R (TT)s and (TTTT),
SIDIS ~ azzew*s)n0(y, 4 2wty = - L=V IRl Eqci@) Hig (e

1y 22 M, Y, e o) DA

ke C ACOS<¢R+$R)(CQS 05, 2, M}“z, Mi) - = notation of Belle paper

g i TR
SiIl2 (92 ‘R‘ sin 0 ‘R‘ sin 60 Zq 62 Hffsqp(va}%) Hffsqp(vah)

: — e
L= @oRE [y -y My, Do €2 Di(z, M{) Di(Z, M)

X.Artru, J. Collins, ZPC 69 (96)
D.Boer, R.Jakob, M.R., PR D67 (03)
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one technical detail, first..

qu(zl,ZQ,M;f) —z = 21 + 29 szfsqp(z’M}%)+Cong1<f;1p
C221222:a—|—bC089 \
partial wave expansion weight of
in Legendre polinomials interference
4T ko 4R (TT)s and (TTTT),
SIDIS A?]irr_lp(qﬁRJr%) Sine(az,y, 2 M}%) 2 1y R Zq 6621 hi(z) Hfsqp(z7 M)

1y 22 M, Y, e o) DA

e—|—e_ ACOS(¢R+5R) (COS oo M2,z Mi) - - ajp =  notation of Belle paper

g i TR
SiIl2 (92 ‘R‘ sin 0 ‘R‘ sin 60 Zq 62 Hffsqp(va}%) Hffsqp(vah)

: AT . —=——
need two pairs L 4-cos?fy My M, >y €2 Dz, M: D (Il

for polariz. IFF X. Artru, J. Collins, ZPC 69 (96)
| — — D.Boer, R.Jakob, M.R., PR D67 (03)
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Advantages of IFF mechanism

B Simple products instead of convolutions
B No complications in factorization

B Evolution equations understood

B Universality ok

B “cleaner” ete- extraction (less background)
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<2008 : the “model” era

A. Bacchetta & M.R., PR D74 (06)

yield | | 2y5i<ce)lglo : , . . . . -
20000 | 1 |
| 20000 | |
15000 | | |
| 15000 | J
10000} 10000 | :
5000 | 5000 -
| [ ]
0 L. : : : : : g
02 03 04 05 06 0.7 0.8
y 4
—
—+ -
BRa~0X;—>TU TX| parameters tuned to HERMES MC
- o
2. 20X, TUX) — predict asymmetry
3. C (DX 3 TT'TT (TC Xg) AUT
0.25
5. g>K’Xs—=Tt" 1T X5 0.2}
0.15

6. All-(1.+2.+3.)=backgr 0.1
78 0.05;,~
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2008 : the “data” era

A
T )j-{/ HERME S HERMES, JHEPO6 (08)
ermes

0.05 - o T
i oom| T o I 0.2<5 7z
f: |t E | T =T 0.5 Mi=1 Gl
E : 0.01 _1_i %E‘EE — |l e _‘_ i
g 1
-0.01

0.4 06 0.8 1.0 1.2 005 01 0.15 0.2 0.4 0.6 0.8 1.0
M, (GeV) X Z

T

B f{lavor symmetry:
¥ = EE R B I  E  a  e

@ Using Torino 'S transversity without errors i
model predlctlon ar

Model has to be reduced by a factor ﬁtting normalization

2 =4
Uis;2 i006 (X /d O‘f' = 26) A.Bacchetta, F.Ceccopieri, A. Mukherjee, M.R., PR D79 (09)
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2011 : the “parametrization” era

+ -
e Belle data A.Vossen et al. (Belle), PRL 107 (11)

3 3 3
w 0.02F 3 3
0E=wy vy F 2R
PYTI R S 1 3 o oy 3 Vo .
p.04F 2 b 4 2 v Y
208 - -
0.08 = -
04 020<z <0.27 E 0.27 <z <0.33 E 0.33 <z < 0.40
012 3 3
4.14 :_ 1 1 | | 1 :_ 1 | 1 | 1 :_. 1 | 1 1 1
0.04 — -
a 0.02F — -
0 :—7—' - . I
62 E- ¥ - M ¥ 2 v
0.02¢ v : C ¥ v ¥
004 v v 3 Y v 3 v ¥ -
0.06 — 3
.08 F =
o4F D40 <z <050 3 0.50 <z <0.60 F
012F e g 0.60 <z, <0.70
014 = ............:_---"-""-—L'--'-""'-
bosE ' ' ' ' —— ' ' ' ' 04 06 08 1 T2 14
o - : 2
o 002 - m, [GeVic?]
L B :—T k4
-0.02f ¥ - - ¥ -
-0.04 3
0.06F v ¥ ¥ IE
.0.08E 2 ¥ v M
0AE 2 ¥ (Z, h )
012F 070<z <0.80 3 0.80 <z, <1.00
014 i PP PR P B B j_. i P T P B B
04 06 08 1 12 1. 04 06 08 1 1.2 14
m, [GeVic] m, [GeVic?]
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fitting the Belle data

A.Courtoy, A.Bacchetta, M.R., A. Bianconi, PRD &85 (12)

1 ur
do (two pairs) = 12 do® (1 + cos(¢pp + dr) A)
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fitting the Belle data

A.Courtoy, A.Bacchetta, M.R., A. Bianconi, PRD &85 (12)

1! up
do (two pairs) = 12 do® (1 + cos(¢pp + dr) A)

1. parametrize DiFF(z,My) at Qo*=1 GeV inspired by model

2. evolve DiFF’s at Qg = 100 GeV  (LO, no gluons)

3. integrate d0® to get d0°(1 pair) < D(z,My)
no unpol. data = it output of PYTHIA Monte Carlo tor
(TT",70) emission at Belle kin.

4. fit Belle data for asymmetry A = extract H; °
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fitting D from M.C.

doV A o® 5
dzd My, 5 Q7 Z g D12 Ma)
q
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fitting D) S e may s

doV = A o®

dzdM, Q2

63 D(f(z, Mh)

q

Bl = 647.26 pb‘1 <> >)Mevents ~ 2ng+g. 1nO cuts in acceptance
* 40(z) X 50(Mh) X 4 tlavors X 4 channels = 32K bins

(u,d,s,c)  (Q,0,K" decays + continuum)
®* Imy <ML <1.3 GeV =27 1 >>2M,/zQQ (= 31585 bins)
® isospin symmetry + charge conjugation: u = i=d=d s=3 o=t
(CxaeptiE BT i)
* general form:
parameters 17(continuum) + 20(Q) + 20(w) + 22(K% = 79
o 1.69 1.28 1.68 =85 1.62
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fitting D) S e may s

doV __4#&2

dzdM, Q2

63 D(f(z, Mh)

q

Bl = 647.26 pb‘1 <> >)Mevents ~ 2ng+g. 1nO cuts in acceptance
* 40(z) X 50(Mh) X 4 tlavors X 4 channels = 32K bins

(u,d,s,c)  (Q,0,K" decays + continuum)
®* Imy <ML <1.3 GeV O 2=1 1 >>2M,/zQQ (= 31585 bins)
® isospin symmetry + charge conjugation: u = i=d=d s=3 o=t
(CxaeptiE BT i)

e general form: D(z, M) ~ 21(1 - 2)* 2RI BW(Mj) expldpsy(2) + hyay (M)

parameters 17(continuum) + 20(Q) + 20(w) + 22(K% = 79
2 G 1.28 1.68 oS 1.62
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fitting D) S e may s

doV = A o®

dzdM, Q2

q

63 D(f(z, Mh)

Bl = 647.26 pb‘1 <> >)Mevents ~ 2ng+g. 1nO cuts in acceptance
* 40(z) X 50(Mh) X 4 tlavors X 4 channels = 32K bins

(u,d,s,c)  (Q,0,K" decays + continuum)
B <M, <13GeV  02<z  1>>2Mp/zQ (= 31585 bird
® isospin symmetry + charge conjugation: u = i=d=d s=& =18
(CxaeptiE BT i)
* general form: Di(z, My) ~ 2% (1 - 2)*2 2|R|’ BW(M}) expldysy (2) + hay (Mp)
parameters 17(continuum) + 20(Q) + 20(w) + 22(K% = 79
B o)’ 169 128 0 1.68 1.8511

Lric(doy?)i;

IR B
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Q2=100
do?
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results for unpolarized DiFF D4

D,% (z, My) [GeV™]

ds® [GeV 2]
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8.0

6.0
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2.0

0.0

8.0e-09

7.0e-09

6.0e-09

5.0e-09 |-

4.0e-09 |-

3.0e-09 |

2.0e-09 |-

1.0e-09 |-

0.0e+00

z=0.25, Q=1 GeV

——

04 06 08 10 1.2 14

M, [GeV]

0.44<2<0.46, Q°=100 GeV?

|I. T T IMC T
1 Y

0.4

L 1
1.0 1.2

1
0.6

0.8
M, [GeV]

7.0

6.0

5.0

4.0

3.0

D, (z, M) [GeV™]

2.0

1.0

8.0e-09 F

6.0e-09 |

do® [GeV?

2.0e-09 |-

0.0e+00

A.Courtoy, A.Bacchetta, M.R., A.Bianconi, PRD 85 (12)

M;=0.8 GeV, Q=1 GeV

u
S

c —— —

0.79<M, <0.81 GeV, Q®>=100 GeV?

4.0e-09 |-

MC +—+—
it ——

02 03 04 05 06 07 08 09 1.0

V4




fitting Belle Asymmetry

ey . 15 (Wh sl <q <q i
v Wi 0 & > H + M2 H e (2 111
Pito0 - M2 7, i) Lo ey |R|sinf |R|sinf _, 1,sp(2 Mp) Hy o, (Z, M)

1+ cos?fy My M, e Di’(z,Mh)Di](Z,Mh)
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fitting Belle Asymmetry

=
sin®f, |R|sin@ |R|sinf )_,e€ qusqp(Z MQ)Hfsqp( , M)

1+ cos?fy My M, e Di’(z,Mﬁ)Dg(Z,Mh)

A(cos 0y, z, M}%,E, Mi) =

< > average bin value # (TT+,T0) pairs ng(Q?) = /dz/dM,%Dq (z, M?,Q?)
of each angle # pol. (T",1") pairs 1(Q?) /dz/dMQ‘ HES (2, M2, Q)
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fitting Belle Asymmetry

=
sin®f, |R|sin@ |R|sinf )_,e€ qusqp(Z MQ)Hfsqp( , M)

—2
A(COS 927 2 MfQL)E7 Mh) e
1+ cos?fy My M, e Di’(z,M,%)Di](Z,Mh)

< > average bin value # (TT+,T0) pairs ng(Q?) = /dz/dM,%Dq (z, M?,Q?)
of each angle + 1) pai
g # pol. (", 1) pairs ") /dz/dM,f‘M HE (2, M2, Q)

(sin? o)  |R|(sin6)(sind) >, €2 Hyd (2, M?) nk(Q?)

P e yeme
NV QR — (1 + cos? ) M, Zq 62 Dq( ,M;%)nq(QQ)
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fitting Belle Asymmetry

=
sin®f, |R|sin@ |R|sinf )_,e€ qusqp(Z MQ)Hfsqp( , M)

—2
A(COS 927 2 MfQL)z7 Mh) e
1+ cos?fy My M, e Di’(z,Mﬁ)Dg(Z,Mh)

< > average bin value # (TT+,T0) pairs ng(Q?) = /dz/dM,%Dq (z, M?,Q?)
of each angle # pol. (¥, 1) pairs 1(Q?) /dz/dM,f‘M HE2 (2, M2, Q%)
Ao M2, Q2 — B 02) | Rl(sind)(sind) 3, € Hidy (2, M7) (@)
2 (1 + cos? 03) My, >, €3 Di(z, M7) ng(Q?)
isospin symmetry + il L

charge conjugation U —O< 7T_ d —Q< e

==d = —u=d %
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fitting Belle Asymmetry

=
sin®f, |R|sin@ |R|sinf )_,e€ qusqp(Z MQ)Hfsqp( , M)

—2
A(COS 6)27 2 MfQL)E7 Mh) e
1+ cos?fy My M, e D%(z,M;%)Di](Z,Mh)

< > average bin value # (TT+,T0) pairs ng(Q?) = /dz/dM,%Dq (2, M2, Q%)
of each angle + 1) pai
g # pol. (T ,JU) pairs (@) /dz/dM’%‘M HED (2, M2, Q)
Ao a2 ) {202) [ RI(in0) sind) C,  Hl(z, M) (@)

Jia (1 + cos? 65) My, DBy et DA (@
isospin symmetry + o L
charge Conjuigatio_n U —O< - d —O< —
= —1u = d

(sin 05) _ 5 S HTE (2, ME) n}(Q?)

Az, M7, Q) ~ — (sin 0)(sin 0) —

(1 + cos? ) 9 >, €3 Di(z, M) ng(Q?)
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continued

(sin 65)

Az, M? Q%) ~ —
(Z, h?Q) <1—|—COS292>
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(sin ) (sin B) = ==




continued

(sin 65)

Al O~ (sin @) (sin @)

(1 + cos? 6s)
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continued

A(Z, Mf%? QQ) S

/dz/dMg AlE S @A)
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(sin 65)

X

(1 + cos? 6s)

q

(sin @) (sin 0)

&2 D3(z, M7) nq<Q2>] x

(1 + cos? 65)

<Siﬂ2 92>

(sin #)(sin ) 5



continued

(sin 65)
(1 + cos? 6s)

A e (sin 0 (sin §) |22z

(sinfy)  (sin @) (sin @) 5

/dz/dMg VAl S @) e Dg(z,Mg)nq(Q2)] X

q

(1 + cos? 65) 1 9]

1,sp

* general form at Qo*=1: H{% (2, My) ~ (1 — 2) 2[RI BW(Mp) expldysy (2) + hiny (Mn)] Froy (2M)
®* 9 parameters

® chiral-odd LO evolution with ad-hoc moditied HOPPET (M.Guagnelli-Pavia)

* 8(z) X 8(My) — {z€[0.8,1], Mpg[1.5,2]} = 46 bins

B/ dof = 0.57

® errors dominated by Belle exp. A
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results for polarized DiFF H f i

A.Courtoy, A.Bacchetta, M.R., A. Bianconi, PRD 85 (12)

Q=1 GeV Q=1 GeV
) — 6.06:-01 ————— 8.0e-01 . . .
QO —y 1 z=0.25 M, =0.4 GeV
2=0.45 M;=0.8 GeV
=G5 ey M=1.0 GeV = =
\‘ 6.0e-01 -
REgS =l B b\ i f
1 < = .
. f \ iy Eh 4.0e-01 /4 -
N .
Mh 1 o o i /4
2.0e;01" |5 1 7
/ 20e-01 + / .
0.0e+00 — 1 : : : : : 0.0e+00 . \
4 06

0 08 10 12 1.4 0.2 0.4 0.6 0.8

M, [GeV]

0.27<72<0.33 0.4< z < (05

0.27<2<0.33 : Q*=100GeV? 0.4<2<0.5 ; Q°>=100GeV?

4.0e-02

00 -

M)

- -4.0e-02 - y - -4.0e-02

g 0.0e+00 T T 1 0.0e+00
=
E % 4
N
<C

A(z

-8.0e-02 -

-8.0e-02 - =
data —l— data —l—

i ——— i ——

-1.2¢-01 - - : - - - -1.26-01 : : : : : :
0.4 0.6 0.8 1.0 %2 1.4 0.4 0.6 0.8 1.0 iz 1.4

M;, [GeV] My, [GeV]
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Hrst glances at transversity via HERMES data

A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)

4 =4y |R| Zq 662] h%(ﬂ?) Hffsqp(z7Mi%)
L= y2/2 My > €2 1 (@) D (2, M)

In(¢p+o in 0
A?}IZIS i (xvyvva}%):

1% = st = I e
=05
recall DS = P

e s o g )
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Hrst glances at transversity via HERMES data

A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)

<
Asin(¢R—|—¢S) Sin9( MQ) ey s Yy |R| Zq 6c21 h%<x) Hl sqp( 7Ml%)
e PSS S IS 22 My, Y, €2 (@) Diz, M)

1% = st = I e
=05
recall DS = P

H1<Iu = _H<Id _H<Iu H1<IJ
e s g gl )

zhy* (z, Q%) — zohi* (z, Q%) nl(Q?)
2 {17 (@, Q) + fafit(2, Q) + | 22 o (2, Q2) M)

oy

Ayr = —(C(y))
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Hrst glances at transversity via HERMES data

A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)

<
Asin(qu—|—¢S) Sine(x Y, 2 MQ) preme i = Yy |R| Zq 6c21 h%(x) Hl,sqp(zaMi%)
£ Pisird o 1—y+y2/2 My, >, €2 fi(x) Di(z, M?)

1% = st = I e

DS = D
recall Df = Dt
I
<u <d LU <ad eVOlVed from @
S in _H_l St e ] down to
Hi* = ~H = Hi = ~H =0 <Q?>=25
Ayr ~ —(C(y)) zhi* (2, Q%) — juhi* (z, Q%) e
UT ~ Y u+a oo L pdid L T (G2 N a(Q2)) ~ gL LT
zfi (@, QF) + g 2fi (2, Q) + g gy o (@, QR

(1 [YelerEes)
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Hrst glances at transversity via HERMES data

A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)

1_y |R| qug h%(x) Hfsqp( 7Mi%)

Asjn(¢R—|—¢S) sin 6 M2 Bedepel
T (ZUayaza h) 1_y_|_y2/2 Mh qug f{l(ﬁb) ( ,M;%)

DY = Df = Df = Df

Di = Dj
recall DS = P
I
) evolved from KA
H1<Iu = _H<Id _H<Iu H1<Id
down to

H1<IS 4 H<IS pon H<IC i H1<IE Fed O

<Q2>:2.5
zh™ (z,Q?) — lxhd” (z, Q%) ni(Q%)
Ayr ~ —<C’(y)> = . d+d s(Q2) +3 2 nu = 0255
u+u - = : u(QQ)
\ T - O2) o Q)"‘4n(Q i 2 OF) (11% erros]
from data T
A MSTWOSLO

Tw ermes
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Hrst glances at transversity via HERMES data

A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)

1_y |R| qug h%(x) Hfsqp( 7Mi%)

Asjn(¢R—|—¢S) sin 6 M2 Bedepel
T (ZUayaza h) 1_y_|_y2/2 Mh qug f{l(ﬁb) ( ,M;%)

DY = Df = Df = Df

Di = Dj
recall DS = P
I
) evolved from KA
H1<Iu = _H<Id _H<Iu H1<Id
down to

H1<IS 4 H<IS pon H<IC i H1<IE Fed O

<Q2>:2.5
zh™ (z,Q?) — lxhd’“ (RO ni(Q%)
Ayr ~ —<C’(y)> = . 43 s (Q2) +3 2 nu = 0255
u+u : = : u(QQ)
\ T - O2) o Q)"‘4n(Q i 2 OF) (11% erros]
from data T
A MSTWOSLO

Tw ermes
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2011 : the “collinear transversity” era

A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)

x h%(x)- x h{*(x)/4

0.3F 9% th. unc.

:;} |

o ]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
X

A —

based on data from T {;{g
\érmes

M. Anselmino et al.,

uncertainty band from Collins effect  ; z0; e Supp.) (09)
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gt P R
~

\
\Q a

C.Adolph et al. (Compass), PL B713 (12)

0.25z2
0.28S ML 1.2 GeV

2002-4 Deuteron Data

2007 Proton Data

102 10" 102 04 06 0.8 0.5 1 1.5 2
X Z M,, [GeV/c?]

——  Pavia model prediction

A. Bacchetta & M.R., PR D74 (06)
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Which | are the latest “press” news ?
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New extraction : proton data

() zhi* (w, Q%) — johi* (z,Q%) nl(Q?)
e FiT (2, Q2) + § o f (3, Q2) + § 2T 1 13z, 2) (@)
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New extraction : proton data

Az ~ —(C(y) v T i L (Q?)

T rfiH (2, Q2) + Lafit Uz, Q?) + 1 28 (2, Q) (@)
from data
COMPASS
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New extraction : proton data

i1 sl (@) = e (e, @7 -
Avr = ~(0W) —= AP gt Q‘; @l o —0.208
T : ’ i thme s s SRS o (9% error)
from data
COMPASS
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New extraction : proton data

zhi” (z,Q?) — lajhd“ z, Q? nl (Q?
Ayr = —(C(y)) : =Tty ) 1 1(n (Qz) l (Q2) =01 20
fu-l—u(x Qz) oL wf a8 ( Q ) . nz(Q2 $f8+8($,Q29\nu(Q ) 9(V
T Sdgiinirid g (9% crtam)
from data x hy"V(x)-x h,%v(x)/4
P Torino
FOMPA S§ extraction from HERMES data +—de—i
\ / 04 r . "
\ / extraction from COMPASS data —Jl—
N
02}t + N
0.0 1 I + l
|
0.01 | 0.10
X

M. Anselmino et al.,
NP B191 (Proc.Supp.) (09)
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New extraction : deuteron data

3 zh¥ (x,Q?) + zh® (z, Q2
O 5 . putw 2 ; (d+EQ ) 2 1 2(n (%2)) s+3 2 nu(Q2) = 70208 C S
\ gjfl (:EaQ )_|_£Uf1 (xaQ )‘i‘gnZ(Qz)iUfl (xaQ .
from data o x hy"V(x)+x hy V(x)
Pe N\ Torino []
¢ M P A LSS O 4 - extraction from COMPASS data
{ ] +
\\\ \\\\\\ /// 0 2
0.0 .; +
L + L
-0.2 | "
N
-04
| O.IO1 | | IIIII 0.10
X

M. Anselmino et al.,

NP B191 (Proc.Supp.) (09)
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New extraction : deuteron data

3 (s Qz) + zhe (z, QQ)
Ay ~ —(C - : - 1
T O 0, Q8) + a2, Q%) + 2T o, 0 D

= —0.208 (970 crreii

d
from data 06 X hy™V(x)+x hy7V(x)
e 1 Torino []
¢ M P A LSS 04+ extraction from COMPASS data
! \ ]
\ /
\\ //
L e 0.2 +
0.0 o5 +
[ ] + [ ]
N
-0.2 |
N
0.4 F
I(I).O1 | | T Illb.10
X

M. Anselmino et al.,

NP B191 (Proc.Supp.) (09)

sabato 10 novembre 2012



2012 : the “collinear transversity fitting” era

combining proton and deuteron data
=> separate Uy and d, components of h;

— separately fit each component

sabato 10 novembre 2012



2012 : the “collinear transversity fitting” era

combining proton and deuteron data
=> separate uy and d, components ot h;

— separately fit each component

functional form

zh{’ (z) = tanh [z (Ag + Byz + Cyz?)| [SBy(z) + SB;(z)]
¥ Sotter bound
SB,(z) = 5 |£(z) + g()
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2012 : the “collinear transversity fitting” era

combining proton and deuteron data
=> separate uy and d, components ot h;

— separately fit each component

functional form

zh{’ (z) = tanh [z (Ag + Byz + Cyz?)| [SBy(z) + SB;(z)]
3 Sotter bound
SB,(z) = 5 |£(z) + g()

o

MSTWOSLO DSSV
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2012 : the “collinear transversity fitting” era

combining proton and deuteron data
=> separate uy and d, components ot h;

— separately fit each component

functional form

zh{’ (z) = tanh [z (Ag + Byz + Cyz?)| [SBy(z) + SB;(z)]

BE SR —>00 x—>0 / Softer bound
grants finite and stable SB, () = % £4(2) + ¢%(z)|

tensor charge / \

MSTWOSLO DSSV
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2012 : the “collinear transversity fitting” era

combining proton and deuteron data
=> separate uy and d, components ot h;

— separately fit each component

functional form

zh{’ (z) = tanh [z (Ag + Byz + Cyz?)| [SBy(z) + SB;(z)]

BE SR —>00 x—>0 / Softer bound
grants flmte and stable SB, () = 1 £4(2) + ¢%(z)|
tensor charge 2

“tlexible” torm (2 nodes) / \

we tried also MSTWOSLO DSSV

(& rreraboe) “rigid” form
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New results from fitting both p and D data

1 ) HeSSian meth()d A. Bacchetta, A. Courtoy, M.R., in preparation

PROTON DEUTERON
x hyW(x)-x hy N (x)/4 - | x hy"V(x)+x h,%V(x) |
fit fit
data HERMES +—&— 0.4} data COMPASS —ll—
047 data COMPASS —l— Y
0.2}

flexible functional form

02} : 0.0 ﬁ

0 02} "
0.0 ! 1 + o4l

0.01 0.10 0.01 0.10
X
X
¥%/dof ~ 1.1
x hyW(x)-x h,%V(x)/4 e x hy WV (x)+x hyM(x)
fit . fit
data HERMES +—A— i 0.4t data COMPASS +—li—
047 data COMPASS ~—ll— 1
igid functional f . |
rigia runctionai rorm /
0.2} . 0.0 T — " |
N

- {

0.0 ] +
04t
0.01 0.10 0.01 0.10
X X
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New results for hy® and h;&"
1) Hessian method

“tlexible” form

A. Bacchetta, A. Courtoy, M.R., in preparation

X hy"(X)

0.6,

Soffer Bound @ 2.4 GeV?

data

rm

x h§"(x)

X i
0.1

Band: Torino 2009 transversity

0.07
~0.1"

Best fit central curve @2.4 GeV? 0.2
and standard 1-o error band

-0.3

0.01 0.02 0.05 0.10 0.20 0.50 1.00
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New results for hy® and h;&"
1) Hessian method

A. Bacchetta, A. Courtoy, M.R., in preparation
¢ - e 19
rigid” form

x hy*(X)

0.6,

Soffer Bound @ 2.4 GeV?

data

"

x h{"(x)

X 01"

Band: Torino 2009 transversity o.oz
~0.1

Best fit central curve @2.4 GeV? 02
and standard 1-o error band *

0.3 001 002 005 010 020 050 1.00
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New results from fitting both p and D data
2) MOIlte CarlO meth()d A. Bacchetta, A. Courtoy, M.R., in preparation

GCnerate N replicas of data with Gaussian noise at 10
2. choose N such that keep same mean and std. deviation of data
3. fit N times the data = N different transversities

4. take 10 confidence interval of the whole set
(if Gaussian-distributed, it’'s = 68%)
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New results from fitting both p and D data
2) MOnte CarlO meth()d A. Bacchetta, A. Courtoy, M.R., in preparation

1. generate N replicas of data with Gaussian noise at 10
2. choose N such that keep same mean and std. deviation of data
3. fit N times the data = N different transversities

4. take 10 confidence interval of the whole set
(if Gaussian-distributed, it’'s = 68%)

X hl{”(x)~§—h?v(x) x h{" (x)+x hcliv(x)

0.2 ifj////i
. £ j}:i—d%é{/ 0.0 %{,{%i\{*////

[@]
-0.2
=0.5 '

-0.4

1072 1071 1 102 1071 1
X X

“tlexible” form
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New results from fitting both p and D data

2) Monte Carlo method

1. generate N replicas of data with Gaussian noise at 10

2. choose N such that keep same mean and std. deviation of data

3. fit N times the data = N different transversities

30

32.

|

29.

A. Bacchetta, A. Courtoy, M.R., in preparation

X

1.0 1.2 14 16 1.8 2.0 22 2.4

4. take 10 confidence interval of the whole set B
15
(if Gaussian-distributed, it’'s = 68%) o
°
X hl{“(x)—xzh‘ljv(x) x h{" (x)+x hcliv(x)

0:4 i’[/{ : i

Z}:}j—;{%é

_—-"_'- = — : - .
=02
-0.5 '

-0.4

1072 1071 1 10-2 101

“tlexible” form
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New results for h{% and hd

2) Monte Carlo method

X i (x)

A. Bacchetta, A. Courtoy, M.R., in preparation

“tlexible” form

0.6

-0.1¢t

Best fit central curve @2.4 GeV?
and standard 1o error band
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-0.3

10 error band from replicas @2.4 GeV?

0.01 0.02 0.05 0.10 0.20 0.50 1.00



New results for h{% and hd

2) Monte Carlo method

X i (x)

A. Bacchetta, A. Courtoy, M.R., in preparation

“tlexible” form

0.6

-0.1¢t

10 error band from replicas @2.4 GeV?

Best fit central curve @2.4 GeV?
and standard 1o error band
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New results for h{% and hd

2) Monte Carlo method

X by (%)

“rigid” form

-0.1

Best fit central curve @2.4 GeV?
and standard 1o error band
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A. Bacchetta, A. Courtoy, M.R., in preparation

10 error band from replicas @2.4 GeV?

-0.3

0.01 0.1 1.



Can we find “unforeseen” replica?

Yes, here at 1GeV?

X hi” (%)

X?/dof

1.56557
1.42199
1.79911
2.07397
1.75523
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Can we find “unforeseen” replica? X hy” ()
0.4}
\
0.2}
Yes, here at 1GeV? 00? — j
-0.2}
/
X b (%) ~0.4¢
0.5, :
: 10°° 1072
X
X2/dof
1.56557
1.42199
1.79911
2.07397
X 1.75523
|

but most replicas “want’ to merge
to lower Softer bound,

driven by deuteron data
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'y
X hy” (X)

0.5
[ . _ >
0.4} Q%=10 GeV? / T
0.3 ¢ 4
0.2
0.1} } { { { {
0.0} ; { {
~0.1}
~0.2¢ L, '
1072 10 ¢ 107"
X
X hf"(x]
0.6
0-4¢ Q?=10 GeV?
0.2}
0.0: ] i 1 If /l>_
_0.4:_ {
| 9
~0.6} '
103 102 101
X
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® Compass 2007 p T 20049

Compass 2010 p + 2004 D



X hy" (X)
0.5¢

0.35 &

[ . _ >
0.4} Q?=10 GeV? / T

L

~0.1}
~0.2¢

1073 10 °° 101

0.6
0.4}
0.2

| o
o.o; %i I If‘*//l>_

-0.2
-0.4f
| 9
~-0.6f n '
1073 10 ¢ i
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——— Softer bound evolved at

Q’=10 GeV? including error
estimate Agl from

De Florian, Sassot, Stratmann, Vogelsang,

PR D8O (09)

® Compass 2007 p T 20049

Compass 2010 p + 2004 D



& \
X hy" (X)

0.5, / Soffer bound evolved at
2‘3‘ el i | Q’=10 GeV?including error
oz estimate Ag; from
0.1 - J * { { { De Florian, Sassot, Stratmann, Vogelsang,
0.0} ; ’! : PR D80 (09)
~0.1}
-0.25 i e :
10 10 ) 10 ® Compass 2007 p + 2004 D
X hf"(x‘]
0.6¢ Compass 2010 p + 2004 D
0.4:' Q2:10 GeV?
0.2;— ]
B 1 =l .
o BEER 4_//1>—
0.4} | ¥ is there anything going on ?
—0.62- | A
107 10°¢ s 1 see Ralston, arXiv:0810.0871
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A confining gauge theory violates the completeness of asymptotic states
held as foundation points of the S-matrix. Spin-dependent experiments

Q 2 ~ 9 ; 1 5 Gevz can yield results that appear to violate quantum mechanics. The point
is illustrated by violation of the Soffer bound in QCD....



Tensor Charge where we have data

Truncated tensor charge u at 1GeV?

Truncated tensor charge d at 1GeV?

1-flexible
2-hybrid
3-rigid

MC flexible
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tensor charges

A. Bacchetta, A. Courtoy, M.R., in preparation

Tensor Charge full range 10°1°- 1

Tensor charge u at 1GeV?

3 i
2 - Torino result @ different scale (0.8 GeV?)
1 »
A
- o ° e o7 o 09 "o Tensor charge d at 1GeV?
3 i
2
i
1-flexible I 1
2-hybrid exiole .
3-rigid A

10 08 06 04 02 0.0 02
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work on predictions for
pp! = (' )X

still in progress. .
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PHENIX data

R

0.05

-0.05

-0.1

-0.15

JYang, Beijing Transversity Workshop (08)

.
— PH::ENIX Preliminary 2006 p+p Vs =200 GeV
a h',h: p, > 1GeVic, | n| <0.35

0.5<m_ <0.78 GeV/c?

— m
.

;_ ________ [* ______________________________ + o I + +¢] ____________________________________ E% ____________________________

E (Scale uncertainty 5% not included)

B | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | |

S .

— PH:ENIX Preliminary 2006 p+p Vs =200 GeV —®*—h 7t°

~ W,k :p_>1GeVic, | ] <0.35 " ”ih‘

B 0.78 < m_ < 1.0 GeVic? = hh

- + + "

:— |

E (Scale uncertainty 5% not included)

B 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1
3 4 5 6 7

P, (GeVic)




Status of transversity studies
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