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What is the structure of the proton”?
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Mapping partons is the first necessary step...
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Good reasons to map partons

» Curiosity

- Test what we can calculate with QCD (perturbative and
lattice)

* Measure what we cannot calculate with QCD

- Use to make predictions in hadronic collisions
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Longitudinal momentum
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Transverse momentum

k1
4
Longitudinal momentum ‘ ° o’ partons
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Transverse momentum

Longitudinal momentum ‘ o’

partons
kT =xP™*

for spatial dimensions, see talk by F. Kroll
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1D mapping (momentum space

H1 and ZEUS preliminary
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Standard PDFs
typically accessible in inclusive DIS 7

Thursday, 13 November 14



1D mapping with spin: already a lot of fun
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3D mapping (momentum space)
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Transverse-momentum distributions (TMDs)
typically accessible in semi-inclusive DIS
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3D mapping with spin

quark pol.
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3D mapping with spin

quark pol.
U L T
—8: Ul h hi
é L g1L hi;
- T L fir | oir | b1, hay

=
=
&
—
=
5

Sivers TMD
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HERMES truly pioneered
the field of 3D mapping
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HERMES truly pioneered
the field of 3D mapping

(even though it was not foreseen in original plans!)
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- Study new structure functions associated with tensor spin variables (b1 in

deuteron target)
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From the HERMES Technical Design Report (93)

* Precise determination of the g1 structure function
» Determination of the g» structure function

- Study new structure functions associated with tensor spin variables (b1 in
deuteron target)

- First measurements of semi-inclusive DIS. Flavor dependence of polarized
structure functions.
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From the HERMES Technical Design Report (93)

Precise determination of the g1 structure function

Determination of the g» structure function

Study new structure functions associated with tensor spin variables (b1 in
deuteron target)

First measurements of semi-inclusive DIS. Flavor dependence of polarized
structure functions.

Measurement of the transversity distribution h1(x)
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From the HERMES Technical Design Report (93)

 Precise determination of the g1 structure function

* Determination of the g» structure function

- Study new structure fuss (“ D\(N VIth tensor spin variables (b1 in
neo

deuteron targg P\\\ r GO\\‘\

- First measurements of semi-inclusive DIS. Flavor dependence of polarized
structure functions.

- Measurement of the transversity distribution h1(x)

» Flavor asymmetries in sea quark distributions
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Inclusive DIS

do___ 20"y (Vs qer
drdydps  xyQ? 2(1 —¢) vu,r +€Fuu,L

2x
—I—S”)\e mFLL + ’SJ_‘)\G \/28(1 — 5) COS (5 Fz(;fébs}
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Inclusive DIS

drdydeps  xyQ? 2(1 —¢) ( T > { vu,r +€Fuu,L

2x
—I—S”)\e mFLL + ’SJ_‘)\G \/28(1 — 5) COS (5 Fz(;fébs}

naming according to AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
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Inclusive DIS

drdydeps  xyQ? 2(1 —¢) ( T > { vu,r +€Fuu,L

2x
—I—S”)\e mFLL + ’SJ_‘)\G \/28(1 — 5) COS (5 Fz(;fébs}

naming according to AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)

Fuur = 2xpFy,
Four = (1+~*)F, —2xpFy,
Frp =225 (91 —7°g2),

Fir®s = =225y (g1 + g2)
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Inclusive structure functions: parton model

coscbs — Z 62 % g% (z (in Wandzura-Wilczek approximation)
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Inclusive structure functions: QCD corrections

Fyur =2 Zei i (2 Q%)
Fyu.n =0,
Fr; =x Ze 91L

COS 2M
= Y i e @)
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Inclusive structure functions: QCD corrections

Fyur =2 Zei i (2 Q%)
Fyu,L =0,

Frr, =x Ze 911 (x
evolution, gauge links, quark-

cosgbs . 2M
S— 262 —— xgp(z; Q%) gluon correlators...
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Inclusive structure functions: QCD corrections

NLO
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evolution, gauge links, quark-
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What has been measured?

P

Fyur==w ZGZ fi(z)

Fvu.n =0,

Frp =« Ze 911 (x

2M
cosgbs — . 262 _ng
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What has been measured?

measured by H1 and ZEUS
main source of information for unpolarized PDFs

many talks!

Fyur==w ZGZ 1 (),

FuuL =0,

Fr; == Ze 911 (x

cosgbs — 7 Z 2 _ang )
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What has been measured?

tvuvr =« Z 63 measured by H1 and ZEUS

main source of information for unpolarized PDFs
many talks!

FuuL =0,

measured by HERMES
main source of information for helicity PDFs
see talk by E. Nocera

FE?% — —r Ze
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What has been measured?

measured by H1 and ZEUS
main source of information for unpolarized PDFs
many talks!

Fyur==w ZGZ 1 (),

FuuL =0,

measured by HERMES
main source of information for helicity PDFs

Frp=x Z ea 971 (2),
see talk by E. Nocera

Fe09s — g Z pp— ng T) measured by HERMES

HERMES also looked for unexpected sings
modulation
PLB 682 (2010) 16
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What can you get out?

Airapetian et al., EPJ C72 (2012)
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What can you get out?

Airapetian et al., EPJ C72 (2012)
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Jimenez-Delgado, Accardi, Melnitchouk, PRD 89 (14)
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What can you get out?

Airapetian et al., EPJ C72 (2012) Jimenez-Delgado, Accardi, Melnitchouk, PRD 89 (14)
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Involvement of quark-gluon correlations is challenging but
stimulating see, e.qg., talk by L. Motyka

Higher precision for twist-2 PDF fits requires knowledge of twist-3 4
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Is there still something to be done?

tvuvr =« Z 63 measured by H1 and ZEUS
main source of information for unpolarized PDFs

many talks!
Fyu,L =0,

measured by HERMES
main source of information for helicity PDFs
see talk by E. Nocera

Frr ¢s — g Z e measured by HERMES

HERMES also looked for unexpected sings
modulation
PLB 682 (2010) 18
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Is there still something to be done?

P

Fyur==w ZGZ fi(z)

q

\00\4 fo Q’{\O“S .
e U
(\)C‘u US

0T Information for unpolarized PDFs

FouL =
measured by HERMES
Frrp == main source of information for helicity PDFs
see talk by E. Nocera
Fposos measured by HERMES

HERMES also looked for unexpected sings
modulation
PLB 682 (2010) 18
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Semi-inclusive DIS

() = photon virtuality
Aqcp = hadronic scale

P, 1 = hadron transverse momentum
19
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Integrated over transverse momentum

2

dedydpsdz  zyQ? 2(1 —¢) op )V FUUT T ELUUL ¥ OAe VL =€ 'L

+ 181 v2e(1 +¢) Sin¢SF(S]i;¢S—|—‘SJ_‘)\€ V2e(1— ) COS¢SFE?FS¢S}
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Integrated over transverse momentum

Fyur(z, z,Q%)

2

dedydpsdz  zyQ? 2(1 —¢) op )V FUUT T ELUUL ¥ OAe VL =€ 'L

+ 181 v2e(1 +¢) Sin¢SF(S]i;¢S—|—‘SJ_‘)\€ V2e(1— ) COS¢SFE?FS¢S}
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Integrated over transverse momentum

Fyur(z, z,Q%)

2

do _2()42 y? 1_|_7 r LeF LS/ >
dedydpsdz  zyQ? 2(1 —¢) op )V FUUT T ELUUL ¥ OAe VL =€ 'L

+ 181 v2e(1 +¢) Sin¢SF(S]i;¢S—|—‘SJ_‘)\€ V2e(1— ) COS¢SFE?FS¢S}

Fyur ==Y el fi(z)Di(2),

Fuyur =0,

FLL—CEZQ g¢(x

sin 2Mh Ha(Z)
FUT¢S:—;[:ZG?L . () p—

Fip®=—x)_ 3% (:vg%(:v)Da( )+ %h“( ) Eaz(z)>
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Integrated over transverse momentum

FUU,T(£U7 2y QQ)

2 2

do B 2002 Y 14+ Y |5 teF S 3
dedydpsdz  zyQ? 2(1 —¢) op )V FUUT T ELUUL ¥ OAe VL =€ 'L

+ |5 | \/25(1 + £) sin ¢g F(S]i;gbs + |S 1| e \/25(1 —€) CosquonTws}

Four == Z e fo(z) D{(z), « measured by HERMES
a

Fuu.n =0,

measured by HERMES

FLL—ZBZG g1 (x

sin 2 My, H%(z)
FUT¢S = & Zei Q 1(37) .

cosqbs — Z 2 (gng )D%( )‘l‘ ﬁ hclz(aj)
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What can still be measured?

2

do 2002 Y - 72 i L Lo —
—_— € . L
dz dy dodgdz 1902 2(1 — e) o7 UU,T UU,L [Ae V Frr

+ |81 |v2e(1 +¢) singg FiN? + |81 A /2e(1 — ¢) CosquonTws}

_ 2 ra a Still some data to be analyzed (2006/07)
Four = Z €a f1(2) D1(2), Possibly also 1% n, p
a

Fuu.n =0, missing (out of HERMES's reach)

~

missing
related to pp single-spin asymmetries

Fr; =ux Z 63 g% (z) D%(2), Possibly also %, n, p

@) z

2M M Ee
Fig™ =—e ) e g (xg%<x>m<z>+ﬁhh%<w> ”) «

Thursday, 13 November 14
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Pt = e Y2 2 ng(a) ),

missing
included in '93 tech rep!
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Not integrated over transverse momentum

do
dz dy dés dz dy, dP2,
_ o’ v Four+eFuurn ++/2e(l+¢) cosy Fr 2 e cos(2¢y) Frrps 20n
ryQ? 2(1—¢) ’ ’ uu UU

F X V2e(1 —e) singy Fy0 % + 81 | /2e(1 +€) singy, Fi7 7" + esin(2¢y,) FF7 20"

+ 51 e [\/1 —e2 Fyp 4+ \/25(1 — €) cos ¢p, FEOLW’?’

+ St

sin(¢p, — ¢g) (F[}l;(;éh(bb) 4 €F[S]i;§25h¢s)> + e sin(¢n + ¢g) F(S]i;(qﬁh+¢s)

+e sin(3¢p — pg) Fi %) 4\ /2e(1 + €) singg Finos

+1/2e(1 + ¢) sin(2¢n — ¢3) F&i;(wh—%) + S7tAe | V1 — €2 cos(on — ¢s) Fz(ﬁ(gb”/_(b@

+ \/2 e(1 —¢€) cos¢pg F[C;(; ¢s + \/2 e(1 —¢) cos(2¢y, — ¢g) FIC_J%S(Q@LC%)] }

see e.q. AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
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Not integrated over transverse momentum

do
2 2
drdydgs dzdgnapz, | Foor(z,z Py, Q%)
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+ St
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see e.q. AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
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Not integrated over transverse momentum

do
2 2
drdydgs dzdgnapz, | Foor(z,z Py, Q%)

a? y?
— cos ¢ c052q/)
oy Q? 2(1—¢) FUUT+€FUUL+\/25 (1+4¢) cos¢hFUU "+ ecos(2pn) Fr o

+ X 2e(1 —€) singy, Fy " + 81 | /2e(1 +€) singy, F70%

‘|‘SL [\/1—€2FLL—|—\/26

sm(qﬁ; +¢s)

_|_ ST UT,L}L¢S)> _|_ £ Sln(¢h —|— ¢S)

+ e siWBO), — ) Fin P09 L\ /2e(1 + ) singg Fil?s

+ ST

+/2e(1 +¢) sin(2¢y, — pg) Fin20n o) V1= €2 cos(¢p — ¢g) Fiom om0

+ \/2 e(1 —¢€) cos¢pg F[Cf; ¢s + \/2 e(1 —¢) cos(2¢y, — ¢g) FE?(Q@LC/DS)] }

see e.q. AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
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Unpolarized sector

do
dz dy dés dz dy, dP2,
— o v Four+eFuur +/2e(l+¢) cosdp FL%" +ecos(2¢p) Fro377n
ryQ? 2(1—¢) ’ ’ uu UU
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Unpolarized sector

do
dz dy dg dz dp, dP2,
— o’ v Four+eFuurn ++/2e(l4¢) cosoy 2 e cos(2¢p) F{ﬁ;%h
ryQR? 2(1—c¢) ’ ’

HERMES did almost everything it could
Can still analyze r1°, n and some data from 2006/07

HERMES, PRD 87 (2013) 012010
HERMES, PRD 87 (2013) 074029
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Unpolarized sector

do
dx dy dps dz doy, dP}%L

a2 y2 cos ¢ cos 2¢
— Ty Q2 219 Four +e€¢Fyurn + V2e(1 4+ €) cos oy, Fio 7+ ecos(2pn) Frpp "

HERMES did almost everything it could
Can still analyze r1°, n and some data from 2006/07

HERMES, PRD 87 (2013) 012010
HERMES, PRD 87 (2013) 074029

All four structure functions could be measured by H1
and ZEUS, with their four-dimensional dependence

e.g., H1, EPJ C73 (13)
ZEUS, PLB 481 (00)
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Transverse-momentum-dependent multiplicities
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Airapetian et al., PRD 87 (2013)
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Xx-Q? coverage

_10 ’ E_ current polarized DIS data: AN E
N OCERN ADESY ¢JLab OSLAC : '
2 1 Coverage of polarized collinear measurements
(2, current polarized BNL-RHIC pp data: NN
o) @ PHENIX i’ 4 STAR I-jet i ) 1
10°F / =
F 5 o LN ]
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L/ﬁ A3 KN NARRN 1
& SR T
10 //\@ JAERRRA S Ef:
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X
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Xx-Q? coverage

_10 : E current polarized DIS data: / \ , E
7 p O APESY el mstac 11 Coverage of polarized collinear measurements
(2 i current polarized BNL-RHIC pp data: :
oy 2' © PHENIX n° 4 STAR 1-jet \ \
C Qgcj
\L/*L/
10 - D‘QQ@ . & ugi
@@J ESAAUNN
10! 10~ - “110 1(; ! 1
X
Coverage of HERMES transverse-momentum
10% dependent measurements.
| The coverage is limited, x-Q? are correlated, but:
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() i
O
N .
G 1015' o
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Xx-Q? coverage

_10 : _ current polarized DIS data: / \ _f
N A1 Goverage of polarized collinear measurements
(2 i current polarized BNL-RHIC pp data: NN W\ :
o 2' @ PHENIX i’ 4 STAR I-jet \| \|
Q9°>
\L/*L/
S |
10 - \@C’@ é
@@J ESTCANS
10" 107 - “11(; 1(; ! 1
X
Coverage of HERMES transverse-momentum
10% dependent measurements.
| The coverage is limited, x-Q? are correlated, but:
q 42l . . . .
> 10% O bins in x, 8 bins in z,
S | L
o | { bins in P,
&) 1015' ® .
z . 2 targets, 4 final-state hadrons,
| o .
o et = 20838 data points
1077 107° 1072 107" 10° 25
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What can you get out?

hadron

proton

“Parton model”
Fyur(z, 2, Php, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)d(zky — Ppr + P1) + O(M?/Q?)
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What can you get out?

hadron

proton

TMD Parton
Distribution Functions

“Parton model”
Fyur(z, 2, Php, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)d(zky — Ppr + P1) + O(M?/Q?)
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What can you get out?

hadron

proton

TMD Parton | TMD Parton
Distribution Functions Fragmentation Functions

“Parton model”
Fyur(z, 2, Php, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)d(zky — Ppr + P1) + O(M?/Q?)
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Outcome of extraction of unpolarized TMDs
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Behavior with x

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)
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a widening at lower x
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Flavor dependence of unpolarized TMDs
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Flavor dependence of unpolarized TMDs
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Flavor dependence of unpolarized TMDs
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Transverse-momentum convolutions

hadron

proton

TMD Parton | TMD Parton
Distribution Functions Fragmentation Functions

“Parton model”
Fyur(z, 2, Php, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)d(zky — Ppr + P1) + O(M?/Q?)
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Transverse-momentum convolutions

hadron

proton

TMD Parton | TMD Parton
Distribution Functions Fragmentation Functions

“Parton model”
Fyur(z, 2, Php, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)d(zky — Ppr + P1) + O(M?/Q?)

With QCD corrections

Fyur(z, z, Pir, Q%) ZHUUT ;b /dkL dP | fi(z, k2 ;2 )Da_)h(z P22 )0(zkL — Prr+ P)

+ YUU,T (Q% Pip) + O(M?/Q?)

30
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Evolution of TMDs

fi(z, brs p?) = D> (Copi® 11) (0, b pap )€ Brittein) 95 0TI iig o (02 )

1

Rogers, Aybat, PRD 83 (11)
Collins, “Foundations of Perturbative QCD” (11)

other schemes are possible, e.g.,
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (13)
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Evolution of TMDs
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Evolution of TMDs
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Evolution of TMDs
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Evolution of TMDs
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Evolution of TMDs

fl (LU br; p ) a,/z@fl 2 b*,,u S(b*,,ub,,u) gK(bT)ln_fNP x bT

collinear PDF
nonperturbatlve part

of evolution turbat t
nonperturbative par
PQCD of TMD
by = T My = 277 /b* = b()/b*
V1463 /02,,

Rogers, Aybat, PRD 83 (11)
Collins, “Foundations of Perturbative QCD” (11)

other schemes are possible, e.g.,
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (13)
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First attempts to use TMD evolution
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for Drell-Yan, see also D’Alesio, Echevarria, Melis, Scimemi, arXiv:1407.3311 -
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Polarized sector

do
dz dy dos dz dgy, dPZ,
— o’ Y Four+eFuurn ++/2e(l+¢) cosn Fr 2 e cos(2¢yp) Frrp) 20n
ry@Q? 2(1—¢) ’ ’ uu Uu

F A V2e(l —e) singy Fy1 % + Sp [/2e(1 +¢) singy, F 7" + esin(2¢p,) Fi7 77

+ St

sin(¢n — ¢3) (Féi;ggﬁh—qbs) + SF;;E?;L—G%)) + e sin(¢p, + ¢g) F(S}i;(¢};,+¢s)

+ ¢ sin(3¢n — ¢g) F(S'Ji;(gth_%) +v/2e(1 +¢) sin g Flsji;%

4 \/2 e(1+¢) sin(2¢, — ég) F(S]i;(2d)h_§bs) + Sre | V1 — €2 cos(¢n — ps) Fg;(cbh—cbs)

+ \/2 8(1 — 8) COS @ g F[C,(; ¢s + \/2 5(1 — 5) COS(2¢h _ ¢S) Fz(;‘@@z,ébs)] }
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Polarized sector

do
dz dy dos dz dgy, dPZ,
— o’ Y Four+eFuurn ++/2e(l+¢) cosn Fr 2 e cos(2¢yp) Frrp) 20n
ry@Q? 2(1—¢) ’ ’ uu Uu

F A V2e(l —e) singy Fy1 % + Sp [/2e(1 +¢) singy, F 7" + esin(2¢p,) Fi7 77

80 | sin(on — os) (FI 0 4 e B0 ) e sin(on + gs) )

+ ¢ sin(3¢n — ¢g) F(S'Ji;(gth_%) +v/2e(1 +¢) sin g Flsji;%

4 \/2 e(1+¢) sin(2¢, — ég) F(S]i;(2d)h_§bs) + Sre | V1 — €2 cos(¢n — ps) Fg;(cbh—cbs)

+ \/2 8(1 — 8) COS @ g F[C,(; ¢s + \/2 5(1 — 5) COS(2¢h _ ¢S) Fz(;‘@@z,ébs)] }

Multidimensional analyses of all of them
under way, but still need to be published =
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Polarized sector

do
dz dy dos dz dgy, dPZ,
— o’ Y Four+eFuurn ++/2e(l+¢) cosn Fr 2 e cos(2¢yp) Frrp) 20n
ry@Q? 2(1—¢) ’ ’ uu Uu

F A V2e(l —e) singy Fy1 % + Sp [/2e(1 +¢) singy, F 7" + esin(2¢p,) Fi7 77

Sivers structure function

+ 5L Ae [mFLL-F\/ZE(l—s COSQbthOSqSh
1
Jir ® D1

+ St | sin(¢p — ¢s) (Féi;ggéh_qbs) 7 ,/—qbs)) + e sin(¢n + ¢g) ng;(gbhgr%)

+ ¢ sin(3¢n — ¢g) F(S'Ji;(gth_%) +v/2e(1 +¢) sin g Flsji;gbs

4 \/2 e(1+¢) sin(2¢, — ég) F(S]i;(2d)h_¢s) + Sre | V1 — €2 cos(¢n — ps) Fzzf(th_qu)

+ \/2 8(1 — 8) COS @ g F[CJ(%? ¢s + \/2 5(1 — 5) COS(2¢h _ ¢S) Fz(%f@thébs)] }
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Polarized sector

do
dz dy dos dz dgy, dPZ,
— o’ Y Four+eFuurn ++/2e(l+¢) cosn Fr 2 e cos(2¢yp) Frrp) 20n
ry@Q? 2(1—¢) ’ ’ uu Uu

F A V2e(l —e) singy Fy1 % + Sp [/2e(1 +¢) singy, F 7" + esin(2¢p,) Fi7 77

Sivers structure function

+ 5L Ae [mFLL-F\/ZE(l—s COSQbthOSqSh
1
Jir ® D1

+ St | sin(¢p — ¢s) (Féi;ggéh_qbs) 7 ,/—qbs)) + e sin(¢n + ¢g) ng;(gbhgr%)

+ ¢ sin(3¢n — ¢g) F(S'Ji;(gth_%) +v/2e(1 +¢) sin g Flsji;gbs

4 \/2 e(1+¢) sin(2¢, — ég) F(S]i;(2d)h_¢s) + ST | V1= €2 cos(on Fzzf(th_qu)

+/2e(1 —¢€) cosds FEEP 4+ \/2e(1 — €) cos(2¢n — ¢g) Fion2n 09

Collins structure function
hl R HlJ— 35
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Sivers asymmetry
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HERMES, PRL 94 (2005)
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Sivers asymmetry
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Sivers asymmetry
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What can you get out?

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14) [with TMD evo]

V8 =l )y
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e ubar
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02 10" 5

X

Bacchetta, Radici, PRL 107 (11) [no TMD evo]

—xtraction of Sivers function
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What can you get out?

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14) [with TMD evo]
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—xtraction of Sivers function
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What can you get out?

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14)
[with TMD evo]
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What can you get out?

Anselmino, Boglione, Melis, PRD86 (12)
[with TMD evo]

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14)
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3D mapping with spin
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3D mapping with spin
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Collins asymmetry and transversity
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Anselmino et al., PRD87 (2013) Kang, Prokudin, Sun, Yuan, arXiv:1410.4877
[no TMD evo| [with TMD evo]
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Dihadron DIS production and transversity

Bacchetta, Courtoy, Radici, JHEP 1303 (2013)

[collinear extraction]
X h’f(x)
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X X
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Anselmjno et al. 0812.4366
[TMD extraction, no TMD evo|
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Dihadron DIS production and transversity
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Dihadron DIS production and transversity

Bacchetta, Courtoy, Radici, JHEP 1303 (2013)

[collinear extraction]
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Inclusive hadron production

(1) + N(P) — h(P,) + X,

Aqcp = hadronic scale K(

P, | = hadron transverse momentum ,
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Inclusive hadron production

(1) + N(P) — h(P,) + X,

Aqcp = hadronic scale K(

P, | = hadron transverse momentum ,

see talk by C. van Hulse
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HERMES, PLB 728 (14)
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The bulk of the signal has Pt~Q~/Aacb

HERMES, PLB 728 (14) /
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Conclusions

 Rich variety of physics topics
- HERMES has pioneered the way into 3 dimensional mapping

- HERMES has done almost everything possible, some important analyses still
need to be finalized and published

« The “exploration phase” is almost over, a transition to a precision phase is
expected

- COMPASS, experiments at JLab and BNL, and eventually an EIC will bring
the investigations forward
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Polarized sector

do
dz dy dos dz dgy, dPZ,
— o’ Y Four+eFuurn ++/2e(l+¢) cosn Fr 2 e cos(2¢yp) Frrp) 20n
ry@Q? 2(1—¢) ’ ’ uu Uu

F A V2e(l —e) singy Fy1 % + Sp [/2e(1 +¢) singy, F 7" + esin(2¢p,) Fi7 77

Sivers structure function

+ 5L Ae [mFLL-F\/ZE(l—s COSQbthOSqSh
1
Jir ® D1

+ St | sin(¢p — ¢s) (Féi;ggéh_qbs) 7 ,/—qbs)) + e sin(¢n + ¢g) ng;(gbhgr%)

+ ¢ sin(3¢n — ¢g) F(S'Ji;(gth_%) +v/2e(1 +¢) sin g Flsji;gbs

4 \/2 e(1+¢) sin(2¢, — ég) F(S]i;(2d)h_¢s) + Sre | V1 — €2 cos(¢n — ps) Fzzf(th_qu)

+ \/2 8(1 — 8) COS @ g F[CJ(%? ¢s + \/2 5(1 — 5) COS(2¢h _ ¢S) Fz(%f@thébs)] }
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Polarized sector

do
dz dy dos dz dgy, dPZ,
— o’ Y Four+eFuurn ++/2e(l+¢) cosn Fr 2 e cos(2¢yp) Frrp) 20n
ry@Q? 2(1—¢) ’ ’ uu Uu

F A V2e(l —e) singy Fy1 % + Sp [/2e(1 +¢) singy, F 7" + esin(2¢p,) Fi7 77

Sivers structure function

+ 5L Ae [mFLL-F\/ZE(l—s COSQbthOSqSh
1
Jir ® D1

+ St | sin(¢p — ¢s) (Féi;ggéh_qbs) 7 ,/—qbs)) + e sin(¢n + ¢g) ng;(gbhgr%)

+ ¢ sin(3¢n — ¢g) F(S'Ji;(gth_%) +v/2e(1 +¢) sin g Flsji;gbs

4 \/2 e(1+¢) sin(2¢, — ég) F(S]i;(2d)h_¢s) + ST | V1= €2 cos(on Fzzf(th_qu)

+/2e(1 —¢€) cosds FEEP 4+ \/2e(1 — €) cos(2¢n — ¢g) Fion2n 09

Collins structure function
hl R HlJ— 47
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Sivers asymmetry

> 01| ﬁ+ i |
-l T S N LA L
N 005 b o

01 02 03 0.3 04 0.5 0.6
X z

HERMES, PRL 94 (2005)

Fg;’%bh—¢s) ~ fi7 ® Dy
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Sivers asymmetry
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Sivers asymmetry
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What can you get out?

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14) [with TMD evo]

V8 =l )y
0.04} up
e ubar
0.00
0.02} i /]
=Y | dbar

0.04 [ down |

02 10" 5

X

Bacchetta, Radici, PRL 107 (11) [no TMD evo]

—xtraction of Sivers function
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Echevarria, Idilbi, Kang, Vitev, PRD 89 (14) [with TMD evo]

V8 =l )y X f 1 (X
e 0.02
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0.00 _— > 0.00 — |
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X X

Bacchetta, Radici, PRL 107 (11) [no TMD evo]

—xtraction of Sivers function
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What can you get out?

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14)
[with TMD evo]
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What can you get out?

Anselmino, Boglione, Melis, PRD86 (12)
[with TMD evo]

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14)
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3D mapping with spin
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3D mapping with spin
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Collins asymmetry and transversity

F(S]i;(Cthers) ~ h ® HlL

0 —— Xhl(X,QZ)

02} Q41 0.2- Q' =10 GeV”
L 01| _ s |/ Q’ = 1000 GeV?
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B I e ——
; , e N
0.1 F y
S 5 : o
= 0
O : -0.05
g -0.1 o
02| 0.1 \
0.001 0.01 0.1 1 X
X
Anselmino et al., PRD87 (2013) Kang, Prokudin, Sun, Yuan, arXiv:1410.4877
[no TMD evo| [with TMD evo]
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Dihadron DIS production and transversity

Bacchetta, Courtoy, Radici, JHEP 1303 (2013)

[collinear extraction]
X h’f(x)

-0.3

04 T A
0.01 0.02 0.05 0.10 0.20 050 1.00
X X

0.01 0.02 0.05 0.10 0.20&.50 1.00

Anselmjno et al. 0812.4366
[TMD extraction, no TMD evo|

54

Thursday, 13 November 14



Dihadron DIS production and transversity
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Bacchetta, Courtoy, Radici, JHEP 1303 (2013)
[collinear extraction]
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Dihadron DIS production and transversity

Bacchetta, Courtoy, Radici, JHEP 1303 (2013)

[collinear extraction]

X hi"(X) x h?(x)
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Inclusive hadron production

(1) + N(P) — h(P,) + X,

Aqcp = hadronic scale K(

P, | = hadron transverse momentum ,

55

Thursday, 13 November 14



Inclusive hadron production

(1) + N(P) — h(P,) + X,

Aqcp = hadronic scale K(

P, | = hadron transverse momentum ,

see talk by C. van Hulse
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HERMES, PLB 728 (14)
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The bulk of the signal has Pt~Q~/Aacb
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