Exploring the proton

structure with TMDs in SIDIS

Francesca Giordano
Riken, Wako, Japan, 30 June 2015




Proton Structure

1970s:
Quantum ChromoDynamics

: 2015:
" still not able to describe QCD
fundamental state: the proton

I

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quan'l'um ChromoDynamlcs Perturbative theory= calculable!

: 2015:
" still not able to describe QCD
fundamental state: the proton

I

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quan'l'um ChromoDynamlcs Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Color confinement
fragmentation

: 2015:
“still not able to describe QCD
fundamental state: the proton

I

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quanfum ChrOMODYHGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Color confinement
fragmentation

2015:
still not able to describe QCD
fundamental state: the proton

T

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quanfum ChrOMODYHGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Color confinement
fragmentation

2015:
still not able to describe QCD
fundamental state: the proton

T

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quanfum ChrOMODYHGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Color confinement
fragmentation

2015:
still not able to describe QCD
fundamental state: the proton

T

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quanfum ChrOMODYHGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Color confinement
fragmentation

. Proton
HISSS

~1% Mass

2015:
still not able to describe QCD
fundamental state: the proton

Quarks ~5%

Gluons ~95%

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quanfum ChrOMODYHGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Color confinement
fragmentation

. Proton Proton
I-Ilggs

~1% Mass Momentum

2015:
still not able to describe QCD
fundamental state: the proton

Quarks ~5% ~50%

Gluons ~95% ~507%

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quan'l'um ChrOMODYHGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Color confinement
fragmentation

: Proton Proton Proton Al
Higgs )
1% w Mass  Momentum Spin

2015:
still not able to describe QCD
fundamental state: the proton

Quarks ~>% ~50% 30%

Gluons ~95% ~50% ?

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quan'l'um ChrOMODYl‘IGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Where is the Spin of the _
Color confinement

Proton?
fragmentation
" Proton Proton Proton
..'?;s Mass  Momentum Spin
. 2015:
Quarks ~>% ~50% 30% ’ .
still not able to describe QCD

Gluons ~95% ~50% ?

fundamental state: the proton

I

Francesca Giordano 2



Proton Structure

1970s: Small distances:
. Asymptotic freedom,
Quanf“m ChrOIﬂODYl‘IGMICS Perturbative theory= calculable!

Large distances:
Non-Perturbative = Not calculable!

Where is the Spin of the
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Leptonic Tensor: describes
emission of single photon:
Calculable from QED
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Proton Structure

Inclusive DIS

\00a
\X¥YPO
AL A

Hadronic Tensor: describes
internal proton structure
Not Calculable in QCD!

Leptonic Tensor: describes
emission of single photon:

Calculable from QED
14
do o< L, W
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Proton Structure

Inclusive DIS

Q2 Negative squared

4-momentum transfer to the target

Y Fractional energy of the virtual photon .
Only basic symmetry arguments/

conservation laws: Gauge/Lorentz
invariance, parity conservation

do o’ SVerr(S No other assumption!
— I )Wé,,) —

drd@? 2szQ)? "
2w’ M Fy(z, Q?
Z;‘ {Fl(a:, 0)y? + (1 —y— 2§y) 2(:62:@ )}
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Proton Structure

Inclusive DIS

F; = 2Zpparton distributions

Each Structure function
expanded in 1/Q serie

(0 7Twist2 Leadingterm!

. 099 Twist-3  (1/Q)

— 4999 9999 Twist4 1/ | Only basic symmetry arguments/
conservation laws: Gauge/Lorentz
invariance, parity conservation

do o’ No other assumption!
_ S S) _
— Lt )VI/;EV) —

drd@? 2szQ)? "
2ma? o Mazy\ Fy(z,Q?)
Q! {Fl("”Q)y”(l‘y‘ ) }
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Parton Distribution Functions
Collinear case

PDFs Leading Twist Table
@ quark
U L T
ul A G Partonic Interpretation
L 91 (2) - factorizable in the cross-section!

Accessible in various reactions:
Universal!

S 00 —-—-0C 3

X-dependence=

I D I transverse longitudinal
° 0 @ nucleon spin

6 O @ parton spin
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Parton Distribution Functions
Collinear case

PDFs Leading Twist Table
@ quark
) L T
ntu| A © Partonic Interpretation
u
c|L a®-® factorizable in the cross-section!
|
e
0 Accessible in various reactions:
“ Universal!
= different
energies

Need for Global

analyses! DGLAP evolution

X-dependence=

I D I transverse longitudinal
¢ # » .@ nucleon spin
ton spin
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o)  Momentum distribution

X = parton momentum fraction
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- |
o
;-' s 11 PDF 2000 . .
” B ZEULSSSPDF Q':IO GeV”
o CTEQ®6.1
Gluons dominate xu,

Collinear case

—

1x)=q~ (x)+4% (x)

low-x wave function




Helicity distribution

Collinear case

AG

X = parton momentum fraction
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Helicity distribution

Collinear case

fd bﬁ
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AG

Spin crigis!! 03
quarks only provide = 30% L
of the proton spin |

X = parton momentum fraction
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m 0.05
Spin crisis!! 03 - . 0
quarks only provide = 30% L )
of the proton spin 00
1 -0.1
== DSSV 2014 : -0.15
with90% CL.band o ——trvnl o vvnl 0 i

[0 projection with —
RHIC data < 2015: 4

quark&gluon < . ooy
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uark spins luon spins . .
1 1 q P 8 P orbital motion =

— =AY +tAG+ L,
2 2

1-j6t 200 & 510 GeV |
PHENIX:
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mid & fwd rapidity |
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X = parton momentum fraction

Francesca Giordano 8 1010 10 10 10 10 , 1



() Transversity distribution
Collinear case

hi (x) =q'" (x) — g™ (x)

X = parton momentum fraction
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Proton Structure

Semi-Inclusive DIS

Q2 Negative squared

4-momentum transfer to the target

Fractional energy of the virtual photon

N <

Parton fractional momentum

Z Fractional energy transfer to the produced
hadron
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Proton Structure

Semi-Inclusive DIS

Parton model:
Fi = 2pparton

distributions
+

Fragmentation!

d°c _  a?
drdydz — zyQ?
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Proton Structure

Semi-Inclusive DIS

o.ep—th — ZDF x o971 y PR
q

Factorization of Non-
Perturbative Parts!
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) Transversity distribution
Collinear case

hi (x) =q'" (x) — g™ (x)

' l | |
[b\] . I’b‘l
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chiral odd
DIS reaction: —
semi inclusive DIS chiral even

X = parton momentum fraction
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Transversity distribution

Collinear case

Collins Fragmentation Interference Fragmentation
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Transversity distribution
Colli@,a@a,se

Collins Fragmentation Interference Fragmentation

left-right asymmetry from correlations between
quark transverse spin
and

relative orbital angular
momentum of the hadron pair

TMDI Collinear!
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Transverse Momentum dependent PDFs

transverse longitudinal

- > nucleon spin
- @ parton spin
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Transverse Momentum dependent PDFs

py (GeV)

44

-04 -02 00 02 04
px (GeV)

A.B., F. Conti, M. Radici, PRD78 (08)

quark
U L

A
c 91 (2)-
transverse longitudinal ;
s nucleon spin ZD I iroolio=e
=% (¢ Parton spin ° - a
parton transverse
mowmentum
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Transverse Momentum dependent PDFs
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Each Structure function
expanded in Pn1/Q serie
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Transverse Momentum dependent PDFs
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Transverse Momentum dependent PDFs

o 22 How can we disentangle all
= -~ — ° °
dr dydo g dz dop dP3 | xyQ?2(1 —¢) ( r) these contrlbutlons ?
{ [FL'L'.T +cFuuL o ) . .
EXPERIMENT: setting the proper beam and target polarization states
2¢ (1 +¢)cos (O)Fy, CA'O) + ccos(20)F cu-(.o)] (U, L, T)
+ oa V2T =) sin(&)F} ....m ANALYSIS: fitting the cross section asymmetry for opposite spin states

and extracting the relevant Fourier components based on their peculiar
azimuthal dependences.
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Transversity distribution
Colli@,a@a,se

Collins Fragmentation Interference Fragmentation

Autochr x H ‘@”

NN

\‘) direct product!

\’) f h (x,pr) Hi xkr) dpr dkr

(and eame in the denominator for the
unpolarized pdfe and ffe)

TMD! Collinear!
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Collins amplitudes

Ayr x h1 @ Hi-

[Airapetian et al., Phys. Lett. B 693 (2010) 11-16]

Non-zero transversity!

Opposite sign for favored and unfavored FF

0,05+ + E '
¢+t ® L X
it LI AR
0_..#.2.;“0..0. ............ ”'3%;}”{;”@””; ........ "362'@55'5"’ ....... i
-0.05 ¢ e {; -
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[Airapetian et al., Phys. Lett. B 693 (2010) 11-16]

Collins amplitudes

Non-zero transversity!

Opposite sign for favored and unfavored FF

HJ_,unfaU

-~ L,fav
1 ~ _Hl
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7w Collins moments
Apr < h1 @ Hi
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7w Collins moments

— Angelmino et al.
| PRD75 (2007)
[Airapetian et al., Phys. Lett. B 693 (2010) 11-16] A CX h ® DRD87 (2013)
0.08 1 I
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= 0.06 | | : ~ z Collins FF
: ; =
a 01}
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0 " " : ;
E /
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gt o0 b N
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< 2013 ——
2008 ------eee
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0 02 04 06 08 1
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A 4 L A - - W
o |-8..... e ecccnncanced L e eeececcecccscaccanscaced
0.05 - | L e : !
0.2 04 0.6 08 0.2 04 0.6 08
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7w Collins moments

Angelmino et al.

PRD75 (2007)

H .Epg.l;’aapietian etal., P?(S. Lett. B 693 52010) 11-16] A UT X h 1 ® H f_ DRDS7 (2013)
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. ’ N
PRD87 (2013) :":5 \/
g 01} N
0.3 “ 2013 ——
0.2} N 2008 -
2 _0.2 " Y 2 "
5 0.1 0 02 04 06 08 1
. 0 z
.0.1 L
AR
% 0
é- °0-1 s - -
-02 -
0.3 " <
0001 001 01 1 02 %
015 - ‘*
[ -
0.1
| 0.05 | . .
A IWNLE P ST, - . SO | I YN SR S S
0.05 - \ | ) ,
0.2:_ 052,07 L ora«a
| 0.15 - }
(3 o :"QP.Z { ".‘.0.' L - ‘..:.".i: 1 o:T " | )
" K S T S T
w' w' 02 o4 08 ot 0s iG. 4 !
o - P‘[ - -0.05 L 1 1 L 1 1
z, z,

Francesca Giordano 24




Transversity distribution
First access in SIDIS

Complementary reactions

r\ | ff universality assumed
AUT X h[ @ HJ[‘ TMD M. Anselmino et al.,

_ PRD75:054032, 2007
0.4

TMD factorization assumed
A e = /\
FF =l / \
) /AN

.........
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First access in SIDIS

Complementary reactions

r\ | ff universality assumed
AUT X h[ @ HJ[‘ TMD M. Anselmino et al.,

05 ERO/S: 154092, 2001 TMD factorization assumed
0.4

Collins (e
A E o.z,/\ Very different energies between
- > mh//*k .

Hermes/Compass and Belle:
o Is TMD evolution different from
Collinear?

%

ye) — . .

] \J/ Collinear evolution assumed
» 01
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PRD75:054032, 2007

First access in SIDIS

Complementary reactions

£ 1l s | ff universality assumed
® H[ TMD . Anselmino et al.,

Collins

05
04

TMD factorization assumed

/\ Very different energies between
& X Hermes/Compass and Belle:

Is TMD evolution different from

Collinear?

A A A A J
02 04 06 0.8 1

27

\J/_r Collinear evolution assumed

Different energies at Hermes/
Compass: how does transversity
evolve?

X

No evolution assumed

I




First access in SIDIS

AUT X h[ @ HJ[‘ TMD s M. Anselmino et al.,

_ PRD75:054032, 2007

Collins il i

0'“[\/&-

0

X Ay u(x)

-0.1;

0.1
0.05

_
>
T e
[ ,‘\/_
<
x '0.17‘___

A A A A J
02 04 06 0.8 1

Which is the TMD transversity and the TMD
Collins pT dependence? And the unpolarized
TMD pT dependence?

Gaussian pT dependence assumed
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Complementary reactions

ff universality assumed
TMD factorization assumed

Very different energies between
Hermes/Compass and Belle:
Is TMD evolution different from

Collinear?

Collinear evolution assumed

Different energies at Hermes/
Compass: how does transversity
evolve?

No evolution assumed

I




IFF amplitudes
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Universality & factorization
ok for collinear ¥f and PDf

Collinear evolution well known

PT dependence not needed

Still:
collinear and TMD transversity
extracted not in conflict!
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IFF amplitudes

Universality & factorization
ok for collinear ¥f and PDf

Consistent with new TMD extraction ﬁgg .
with proper TMD evolution s
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[Airapetian et al., Phys. Lett. B 693 (2010) 11-16]

Collins amplitudes
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Non-zero signal for K*!
K* amplitudes larger than 7+
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Collins amplitudes
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Transverse Momentum dependent PDFs

i 22 How can we disentangle all
= + — ° °
drdydo g dz do dP3 | xyQ?2(1—¢) ( r) these contrlbutlons ?
{ [FL'L'.T +cFuuL - i . .
: EXPERIMENT: setting the proper beam and target polarization states
2¢ (1 +¢)cos (O)Fyy on e e cos (20)F n-.(.o) (U,L, T)
[ - +sin (6) ANALYSIS: fitting the cross section asymmetry for opposite spin states
. At | V2 (1 = ¢)sin(o)Fy

and extracting the relevant Fourier components based on their peculiar
azimuthal dependences.
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse
momentum and
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse
momentum and

the proton transverse spin
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse
momentum and

the proton transverse spin the parton transverse spin
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse
momentum and

the proton transverse spin the parton transverse spin
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse
momentum and

the proton transverse spin the parton transverse spin
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse
momentum and

the proton transverse spin the parton transverse spin
_@., _ _@., @ - @ | Boer-Mulders N

Both are Naively T-odd

¥

Final State Interaction Special Universality!
Change of sign of Naive T-odd

function from SIDIS to Drell-Yan

| Sivers |
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse

momentum and ~
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Sivers & Boer-Mulders TMDs

Azimuthal asymmetries generated by correlations between quark transverse
momentum and
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Boer-Mulders-Collins effect

Boer-Mulders Naive T-odd:
Final State Interactions

- RN
) h1 ® Hi-

1
y Collins effect:
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3
P
— P
Spatial distortions due to é -----------------
spin-orbit correlations / O
Together generate a cos@ %

signature in the cross section!
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Cos®P: Pions & Kaons
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The Kaon puzzle

Boer-Mulders-Collins Asymmetries
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Pion and Kaon results are very different:
Kaons: Larger asymmetries, same sign for
K+ and K-
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The Kaon puzzle
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Transverse Momentum dependent PDFs
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How can we disentangle all
these contributions ?

EXPERIMENT: setting the proper beam and target polarization states
(U, L, T)

ANALYSIS: fitting the cross section asymmetry for opposite spin states
and extracting the relevant Fourier components based on their peculiar
azimuthal dependences.

h h
Oup —Ouy

h h
Oyqp T O0yy

ho_
AUJ__

quark

&

- | &
o
©

—
—
|
@
:i

S 00 —-0C3

worm-gears

pretzelosity

38



More TMDs
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TMDs open points:

- What is the pT dependence of TMD polarized and
unpolarized pdfs? And of polarized and unpolarized
fragmentation functions? ~ Mostly missing!!

- How do TMD pdfs and fragmentation functions evolve?
Work in progress!!

- Do naive-T-odd TMDs obey the ‘special universality’?
Compass Drell-Yan run just started
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Exciting times!
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Thank you!
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27.6 GeV (e*/e’) lepton
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160 GeV  [LBeam off
LiD/NHj3 target

27.6 GeV (e*/e’) lepton
beam off D/H target
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160 GeV  [LBeam off
LiD/NHj3 target
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