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Proton Structure

1970s:
Quantum ChromoDynamics

2013:
still not able to describe QCD

fundamental state ]
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Proton Structure

Form Factors )

Fourier transform (br)
& [ GPDs(x, t) ... dx

1)

| aPDs(x,br) ... dby | T™™MDs(x,kr) ... dir o

Francesca Giordano 3












Transversity is chiral-odd!

hi (x) =q'" (x) — g™ (x)

&

in helicity basis
|
1 1.1) = %llﬂ + i|—))

helicity flip!
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Transversity is chiral-odd!
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Transversity is chiral-odd!

hi (x) =q'" (x) — g™ (x)
b

in helicity basis
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helicity flip!
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(No gluon transversity
in the puzzle?)
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Transversity is chiral-odd!

hd(x) =q'" (x) —q"" (x)
| l l l
in helicity basis

1 .
| T.1) = $(|+) + 1|—))

helicity flip!
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chiral odd
—

chiral even observable
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Transversity is chiral-odd!
1. Can it be accessed? How?

Yes! But only in conjunction with
another chiral-odd ob ject

Accessible in different reactions
=> need of complementary reactions!
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Transversity is chiral-odd!
1. Can it be accessed? How?

Yes! But only in conjunction with
another chiral-odd ob ject

Accessible in different reactions
=> need of complementary reactions!

-> each reaction covers specifice® 2. Is transversity Universal?
kinematic ranges, and access specific

features
-> reactions are at different typical @) 3. How does transversity evolve?
energies o

—

W)= (x)—q(x) ~ h{®)=¢""(x)—q¢"(x)

No!
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Transversity is chiral-odd!
1. Can it be accessed? How?

Yes! But only in conjunction with
another chiral-odd ob ject

Accessible in different reactions
=> need of complementary reactions!

-> each reaction covers specifice® 2. Is transversity Universal?
kinematic ranges, and access specific
features

-> reactions are at different typical @) 3. How does transversity evolve?

energies
\ 4
3 3

- no gluon transversity (in proton) and
quark and gluon transversities
don’t mix!

I
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Transversity is chiral-odd!
1. Can it be accessed? How?

Yes! But only in conjunction with
another chiral-odd ob ject

Accessible in different reactions
=> need of complementary reactions!

-> each reaction covers specifice® 2. Is transversity Universal?
kinematic ranges, and access specific
features

-> reactions are at different typical @) 3. How does transversity evolve?

energies

no gluon transversity (in proton) and
quark and gluon transversities
B don’t mix!

I
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7 Transversity distribution
(some of the) POSSlb].e Cha,nnelS

1p' > h X,
hihe X, ATX
(SIDIS)

+@
@\64X

0
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(some of the) POSSlb].e Cha,nnelS

1p' > h X,
hihe X, ATX
(SIDIS) FE
NPy | h X
e N, chiral odd

®

chiral even observable
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(some of the) POSS].b].e Cha,IlIle].S

1p' > h X,
hihe X, ATX .
(SIDIS) , N hi &) Colling
AL ~h x IFF
®
h x Are
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(some of the) POSS].b].e Ch&nnels

1p'>h X,
hihe X, ATX .
_(SIDIS) - h ) Colling [TMD
™~ o 4»)(
3 -
N e x [FF Collinear
h X Afr ——
Collinear
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(some of the) POSS].b].e Ch&nnels

1p'>h X,
hihe X, ATX .
|
(SIDISZ . - hi ) Colling {TMD
™~
» 5 <> X —>
w0 e x IFF Collinear
hi x Arr PTE
ollinear
pp'>hZX,
e 5, Jots fi x h®@Colline frp
2P fi x b xFF <
ser \‘@ x hi x [FF
Collinear
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(some of the) POSS].b].e Ch&nnels

1p' > h X,
hiha X, ATX h :
1 ) Colling [TMD
s h x FF -
»
@ X Collinear
h x A ——
bl > h X Collinear
"1."111’12 X, Jets 1([ X ht®QO”an TMD
N fi x by xFF <
sor \@ x hy x [FF
Collinear
p"ht> (q"q™>)I'T
(Fully polarized

.. Drell- Yam)| - |
- v\ /v V\< >f
e ! \Al ),ﬂ“ he x h Collinear

s..?',
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1p' > h X,
hihe X, ATX
(SIDIS) @

ppt>hX
hihs X JetS

':-f?'."-"\_ d 7 X

9]

o @)

p'h > (' I

(Fully polarized
. Drell- Yan)
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(some of the) POSS].b].e Cha,IlIlels

&

<

They all access transversity via
single or double spin
asymmetries, f.i.:

ol — g+

RS + oV

Ayt

unpolarized ones?

™

'How well do we know the unpolarized
cross-sections? In particular the TMD

Ayres b x (FF
| Orec h x Arr

Auree bt K) Colling

TMD

Collinear

Collinear

'y fi xhi@Coling

ANoc ﬂ XN X [FF

TMD

Collinear

e
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Arrec h x h

Collinear




Transversity coupled with a
Fragmentation Function (FF)
Collins

At b ® ﬁf TMD

Interference

AUTOCh! X HT Collinear
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Transversity coupled with a
Fragmentation Function (FF)
Collms

Autochi ® Ht T™MD G

\ f hi (x,p7) Hi (xkr) dpr dkr -

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

Interference

o

Autoc hy X HT Collinear é

direct product!
(eame in the denominator)
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Transversity coupled with a FlPSt’ aCCEeSS 1D— SIDIS

Fragmentation Function (FF) Complementary reactions

r\ | ff universality assumed
AUTCX h[ ® H[ TMD M. Anselmino et al., ] ]

PRD75:054032, 2007 TMD factorization assumed

Collins

® 03 &

o 3 0.2./ \
a o)/
> /4 \_
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Transversity coupled with a
Fragmentation Function (FF)

Arrach®@ Hi ™™D S

First access in SIDIS

Complementary reactions

ff universality assumed

M. Anselmino et al.,
PRD75:054032, 2007

Collins

2N

TMD factorization assumed

/\ Very different energies between
'h//\&

Hermes/Compass and Belle:
Is TMD evolution different from

Collinear?

Francesca Giordano
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& \/ Collinear evolution assumed
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Transversity coupled with a
Fragmentation Function (FF)

Aurod b

2N
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First access in SIDIS

Complementary reactions

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

Collins
FF

- =

—_
>
~
= |
-
<]

_ PRD75:054032, 2007

TMD factorization assumed

0.4 -

il Very different energies between
i Hermes/Compass and Belle:
-7 Is TMD evolution different from
bl | Collinear?
\/ Collinear evolution assumed

A A A A J
02 04 06 0.8 1

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

No evolution assumed
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Transversity coupled with a FlPSt’ aCCEeSS 1D— SIDIS

Fragmentation Function (FF) Complementary reactions

£ 1l s | ff universality assumed
AUTCX' h[ @ HI TMD PRD75:054032, 2007 TMD factorization assumed

0.5

Collins |
X 03
R = sl
[
<] 0.1,

- = < o

Very different energies between
Hermes/Compass and Belle:

e | 1Is TMD evolution different from
%‘ 01 Collinear?
S 80.05.____
E =
) \/ Collinear evolution assumed
5 01
© 02 0e as 0 x* Different energies at Hermes/
S , Compass: how does transversity
Which is the TMD transversity and the TMD evolve?
Collins pT dependence? And the unpolarized '

TMD pT dependence?

No evolution assumed
Gaussian pT dependence assumed

Francesca Giordano 28

I




Transversity coupled with a
Fragmentation Function (FF)

Airocht ® Hi ™MD

Collins
FF

Autod hy | X HT Collinear

Interference

\ FF
ak
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First access in SIDIS

Complementary reactions
ff universality assumed

TMD factorization assumed

Collinear evolution assumed
No transversity evolution assumed

Transversity and Collins Gaussian pT
dependence assumed

x h3"()— x h'li"(x)/4

0.4

from HERMES data l
from COMPASS data

i +

Bacchetta Radici, Court}y Phys.Rev.Lett.

107:012001,2011

= L
100 10
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Access in pp

But! the asymmetry for single
hadron comes mixed with other
effects (Sivers, higher twist)

TMD Single hadron

Anoc f1 ® h @Htl/

Auoc fi x b x H
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Access In pp

TMD Single-adrol
ANOfﬂ @ h[ @ H!L /" Jets _!_>w?

Looking at the hadron
distribution within the jet

.

Auoc fi x b x H




™D )
Avoc ti ® b @ Hi

Word of caution: TMD factorization

Auoc fi x b x H

/

—> Jets

broken in pp~>hadrons
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Access in pp

# ‘:Q_
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Access in pp

Auocfi @ b @ HE < e _t_,w?.

8 0.12:_ r - pry

£ =  "STARRun 6 Preliminary\'s=200 Gev  — (1) =-0.5

"’<= 0.1 - ()= +0.5
+ s %® x . . :

Collinear! .. [ |

Avocfi x by x H Do |
N a‘ [ X I X ‘ -0.02'—— '[' rel. systematic uncertainty of 4.6% not shown
F B

6.3 04 05 06 07 08 09 1 11 12
M. [GeVic’]
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Access in fully polarized Drell-Yan
Double Spin agymmetry:

ATT oc h[ X hl Cleanest theoretical access:
> No input needed for fragmentation functions

P * - Collinear case
e ‘,\ . /'
| / \‘ |' To enhance the signal both quark and anti-quark
should come from the valence region
- medium-high x region
- preferable beam/target combination, f.i.:
proton/anti-proton (PAX, GSI) pion/proton (COMPASS, CERN)
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Access in fully polarized Drell-Yan
Double Spin agymmetry:

ATT oc h[ X hl Cleanest theoretical access:
> No input needed for fragmentation functions

> Collinear case

A +

o |

‘fi‘. '\ o /

oy / \‘ : To enhance the signal both quark and anti-quark
g should come from the valence region

- medium-high x region
- preferable beam/target combination, f.i.:
proton/anti-proton (PAX, GSI) pion/proton (COMPASS, CERN)

But experimentally challenging:

> ]OW cross-section

> background cleaning

> anti-proton polarization still not proven to work
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Present Status

experimental theoretical input
input needed needed
SIOIS Colling ' !\?f . medium x high x TMD Evolution
. ) meagurement of (un)polarized
Jlab: Ha!} BR pdfe and FF pT dependence
SIDIS [FF ‘ﬁg . medium x high x
héenies =
Drell-Yan no datal precige
meagurementa!
pp [FF #\\ medium x high-x, precige Inclugion in
PHENIX meagurementg global analysig
pbp->jete Colling ﬁ medium x high-x, precige TMD Evolution,
meagurements MO factorization
3 breaking




Present Status

experimental theoretical input
input needed needed
SIOIS Colling ' !\?f . medium x high x Jlabl2 TMD Evolution
Tlab: Hall A&; meagurement of (unlpolarized Sabar
ap: nad D
, pdfe and FF pT dependencege“e /Bellel]
SIOIS [FF | medium x high x Jlabl2
nﬁg-,f ' L EIC
Drell-Yan no datal precige COMPASSIIPAX?
meaguremente! FERMILAB
Pp IFF fn\\v medium x high-x, precige Sf;l;p erStar [lrg)al[ugion[ in
PH ENIX meaguremenfgfsp%mx global analysig
pbp->jete Colling ﬁ medium x high-x, precice ~ Star TMD Evolution,
meaguremente  SuperStar [ MD factorization
37 FSPHENIX breaking




.. not there yet ...
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.. but we took a few
featherg off ..

39



40

. and planning new

experimentg ...




Stay tuned!

Thank you!



