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Nucleon landscape

Q

50 Nucleon is a many body dynamical
system of quarks and gluons

Changing x we probe different aspects of
10f nucleon wave function

How partons move and how they are
distributed in space is one of the future
directions of development of nuclear

00-— 02 04 . 06 08 10X physics

b

radiation [ non—pert. [

_ Technically such information is encoded
N N N i into Generalised Parton

2l Distributions and Transverse Momentum
. Dependent distributions

saturation

//Jracliatix-'e "I'./.sea quarks I'I':-.’alence quarks These distributions are also referred to as
gluons/sea gluons gluons . . . . .
3D (three-dimensional) distributions
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Unified View of Nucleon Structure

Wigner function 5 D

Tansverse | Generalized
Momentum Wixkpr) Parton
Dependent Pr Distributions
distributions 1 d’k 5

TMDs x

Belitsky, Ji, Yuan 2003
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Unified View of Nucleon Structure

ngner function
Tansverse 35' kJ_, I'J_ Generallzed
Momentum

Parton

Dependent 9 5 Distributions
distributions / d°ry /d k|
Parton
/deL Distribution Form /daz
Functions

Factors

1D
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Unified View of Nucleon Structure

TMD Wigner function

GPD
:;’ /X: / Wi(x,ki,ry) \5D g "

é Zl

Particular processes to study. Polarization is required!
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Twist-2 collinear PDFs

Quark-quark correlator can be decomposed by means of
3 Parton Distributions Functions (PDF) in collinear case

P (z; PS z) P+ Spgi(z)ys £+ h1 75/9T,JD]}

Unpolarlsed PDF

Helicity distribution

Transversity distribution
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™ Unpolarised PDFs

Good knowledge of HERA I+I inclusive, jets, charm PDF Fit
unpolarised % @=10Gev:  E
istibution ol ~
Functions B et uncert,

IS acqu ired usi ng 06 o N\ HERAPDFL.6 (prel.)

HERA data

04 xg (x0.03)

i

02
xS (x0.05)

HERAPDF Structure Function Working Group

—

10+ 107 107 10!

Plot from
Eram Rizvi et.al.,
JHEP 2009 (arXiv:0911.0884)

.gefferé)on Lab



@
— )

Helicity distributions
are relatively well
known

+ - -

A A

Plot from
DSSV PRD80 (2009) 034030

0.4

-0.02
: s éx2=] (Lagr. multiplier) :

-0.04

Helicity distributions

F x(Au + Au)

L x(Ad + Ad)

axE=] (Hessian)
w0l

2 -
10~ 0o x
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Transversity distributions

Distribution of transversely polarised Can be stydied in SIDIS
quarks inside transversely polarised (COMPASS, HERMES, JLAB)
Nucleon, chiral odd o e
T 1 oo
f rT ! With Collins FF With Dihadron FF
Extractions . Torinosfit Drell-Yan
: n }1 [ /o 1 }l\l
1‘:'_:_"oo Bacchetta et al.,ar>£?::1206.1;;36 "
o . With transversity or
S Boer-Mulders
Anselmino et al 09, 13 See talks of Elena Boglione and Marco Radici
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Evolution of transversity and helicity
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Collinear (DGLAP) case is well known

Barone 1997
Vogelsang 1998

gl@ 25 GeV

20

10 |

15

0
10~

hl@ 20 GeV
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Evolution of Transverse Momentum
Dependent transversity and helicity

Alessandro Bacchetta, Alexei Prokudin
arXiv:1303.2129
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Definition of TMDs

TMD functions describe processes where quark intrinsic motion is important

Historically TMD factorization is formulated as

Collins-Soper-Sterman resummation
Collins, Soper, Sterman 1985 . J

Proven for polarized case TMDs 1&"

Ji, Ma, Yuan 2004
Collins 2011

Alternative formulations

Cherednikov, Stefanis 2008
Echevarria, Idilbi, Scimemi 2011
Trentadue, Ceccoperi, 2008
Hautman, 2008

Equivalence with some approaches

was shown in
Collins, Rogers 2012

See talks of John Collins, Ahmad Idilbi, Igor Cherednikov
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Definition of TMDs

In the following we will use definition by
Collins 2011

TMD is defined in coordinate space

P~

f(xa bJ_a s C)

Fourier conjugate to & |
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Definition of TMDs

In the following we will use definition by
Collins 2011

TMD is defined in coordinate space

Fa, b1 (1)¢)

/~

RG renormalization
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Definition of TMDs

In the following we will use definition by
Collins 2011

TMD is defined in coordinate space

P~

f(xa bJ_a b

Additional parameter to
cancel rapidity divergence
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TMD evolution

OlnF(z,by,p, )

= K(bi,p) Collins, Soper, Sterman 1985
01ln+/¢ Idilbi, Ji, Ma, Yuan, 2004
Collins, 2011
dK (b, )
i —7x(9(1))
dln F x,b1, 1, C
( ) _ Yr(9(1), C)

dln p
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TMD evolution:helicity and transversity

Collins Soper Sterman 1985

Solve evolution equations: Collins 2011
- i VSF
Py . ~, g S(bo i1t 9K (br)In Y= ~,
fi(x, by, (r) = Z(C»f/.g_ @ fi) (2, b j_Lb)E’ZS(l <3HbsHCF) g vero fle(x, br)
R J _J
' ~"

Expansion at small bt, Contains gluon radiation, no spin
Spin dependent dependence
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TMD evolution:helicity and transversity

Collins Soper Sterman 1985

Solve evolution equations: Collins 2011
- i VSF
7 - = i S(by it gk (br)In ~=— -
t if(:zr, b, Cp) = E (C»f/.z: @ fi) (2, b j_Lb)E’ZS(l < CF ) vero fle(x, br)
R J _J
' ~"

Expansion at small bt, Contains gluon radiation, no spin

Spin dependent dependence
. [ - H j .! ’ / ; ,
S(bss py, pr. Cr) = In \;f; K (b ) + / (if ['“:"P(.f}'(#):,l) —In ;iﬁ v (g(p'))
' v b ' '

See talk of John Collins
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TMD evolution:helicity and transversity

_ _ Collins Soper Sterman 1985
Solve evolution equations: Collins 2011

~ | ~ B ; S(be1ir 0. yﬁr(b ) In Y=—== A
t if(:zr, b, Cp) = E (C»f/.zv_ ® flz) (2, by j_Lb)E’ZS(l <3t Vo fup (@, br)

1

Method to avoid Landau pole

— Y- TE [}
py = 2e ' /b,

IS chosen to optimise convergenge
of perturbative series

See talks of Daniel Boer and Feng Yuan
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TMD evolution:helicity and transversity

_ _ Collins Soper Sterman 1985
Solve evolution equations: Collins 2011

. _ VE<F
~ . - gx (br)ln ML
P b i) = SO (Cpa @ £1) (s )5 rimoan o) X UTZG fo

1

Method to avoid Landau pole Collins Soper 1982

Always perturbative
/

K(br, 1) = K(bs,pt) + gKg)T)

Non perturbative

g (by) = —g2b3  The choice is not unique
Brock, Landry, Nadolsky, Yuan 2003

See talks of Daniel Boer and Feng Yuan
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TMD evolution:helicity and transversity

_ _ Collins Soper Sterman 1985
Solve evolution equations: Collins 2011

N
~ (b)) In
.f(I by, Cr) = Zx F1) (b pap)e S (baspy i) 9K (bT) \/Wf (2, br)

i

Calculate these in order to derive evolution
of helicity and transversity
Bacchetta, Prokudin 2013
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TMD evolution:helicity and transversity

Relation to collinear treatment: Collins Soper Sterman 1985
Collins 2011

. da: ~ .
ff(x7bT7lLL7 Z/ ;}/f AabT Ly C)fg(anﬂ)‘l‘O(AQCDbT)

Valid at small b7 . Lowest order:
~ T xr
Cy5(%,bro i €) = 836 ( = = 1) + O(axs)

First order for TMD PDFs
Aybat Rogers 2011

First order for Sivers function
Kang, Xiao, Yuan 2011

See talks of lvan Vitev, Daniel Boer, and Feng Yuan
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TMD evolution:helicity and transversity

Diagrams:
k .k '.
\.\ \F\
] ‘ | o0 —3 Quark in quark coefficient
/ I \ / | \ function
o 4 G0000T000GuON0nTT00000 b 005000087
/ / Cq /q
Quark in a gluon
ot | | .ﬁ Coefficient function
Ca/g

Projections:  Unpolarised ’Y+ Helicity ’Y+’)/5 Transversity ’)/+%"Y5
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TMD evolution:helicity and transversity

_ A. Bacchetta, AP, 2013
Calculate everything for quark:

- ., - I . asCF 2e77E 14 2* 1 ‘
( }-_.-’II}." (f E?I‘ s LFI,HA) = f}}-r_jfl}Ll — ,I') + h?’I,T{ ].11 ( IN,I,.I- ) {J_ — rJ+ + E(J. — f}]—i—
L/ DeE De—E
+46(1 — ) [— In” ( : ) +In ( : ) In (i)} } + (?[m )
bt bt 112
= , ., g L O OF Qe VE 14+ 22 1
AC (. br: Cp/p’) = 0jr;0(1 —a) + o4 — { In ( by ) 1= ) E (1—x)+
2e~ 2e TVE :
+ (1 — ] [ In? ( ) —|—ln( c )ln (i)} } + O(a?)
(b by 112 ;
- - N Ve~ VE Ve
SC' (0, by iz Co /12) = 050:6(1 — a) 4+ 60 =22 1
OCsyy (b G %) = 073001 = ) b7, 25 (S ) (=
) : o [ 2e77E 2eE N
+ (1 — ) [— In” ( : ) +In ( ( ) In (%)} } + O(a?)
b bt [ §
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TMD evolution:helicity and transversity

_ A. Bacchetta, AP, 2013
Calculate everything for quark:

- - I - asCy 2e7E 1. .
(r}-_,-"ll_,'li" (.f'. E?I'. ,“| {‘:F,'Hz) = f}}rrfl}[l — J') —I_ Ir\.f?-"?rt’_F{ ].].]. ( { [I @ E(J. - f}]—i_
Al P“ !'I'
- Qe TE e VE s )
+46(1 — ) [— In” ( : ) +In ( : ) In (i)} } + O(a?)
,HF}-T ,ufq— JH 2 N

. ’ o o ] e Ve VE 1
Al ’J-J_;_I-; (x, br; c:p.,.-"';;z) = f}-}'f_r'(ﬂ\]_ —x) 4+ rﬁjrj““TF{ In ( : 7 @ —}{l —x)+
il ,H J-]' s
5 [ 2e77E 2¢E .
+ (1 — x) [— In* ({—> + In ( ( ) In (i)} } + O(a?)
(b by 112 ;

~ . R ( 2 T TE
a( fj!_;_r-;[,:'_ br; 1; "-:F.-""#”‘f) =0,;0(1 —x) 4 0 3” E { In ( : O
T I,HFPT
) \ o [ 2e7E 2e™ 78 o
+ (1 — ) [— In” ( : ) +In ( ( ) In (%)} } + O(a?)
b bt [ §

Connection to DGLAP! Collinear splitting functions
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TMD evolution:helicity and transversity

. A. Bacchetta, AP, 2013
Calculate everything for gluon:

~ . a1 2 E 5 _ : _ .
C.*j;,eg(‘,g:._ br: I, C_f'fﬂ-z) = — !/ {111 ( }E ; ) (J'“ + (l — ‘1,‘)2) -+ Jf(l — ;{’)} -+ Cj(ﬂi) )
| T by
. - A Yo —VE o
AC; (b, Cr /i) = Nt {111 ( E; ) (20— 1)+ (1 - J')} +0(a3)
b m o

5C /gl by, Cp/ ) =0,

True to all orders

4effergon Lab




TMD evolution:helicity and transversity

, _ _ I A. Bacchetta, AP, 2013
Simplify by choosing :  1» = 2¢ "% /b,

. o Cg
(If/} (I‘n b},q jlb) — 5;;;’ (3(1 — I‘) + (s}f} S

(1—2)+ O(a?),

: We ;
AC; (2, bss pip) = 0j150(1 — ) + by “'_' H_F (1—2)+ O(a?),

5(.,:3".},-; s by ) = 65 50(1 — ) + O(a?).

=~ (J.’,_C,T
Y ja (@, bas ) = == 2(1 — ) + O(a?)
T
-~ (J.’;_::,-JT‘ 9
AC /g (2, by pip) = ! (1—2)+0(a?),
ﬂ"
56‘,}-/9(.1:, bs; t1p) =0, Result coincides with CSS:

Koike, Nagashima, Vogelsang 2006
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Numerics
A. Bacchetta, AP, 2013

Choose initial conditions:

P FoN F/- R s T i FoN 15 - v iR
ruglr) = xdy(x) = 2" °(1 — )77, rig(x) = xdy(x) = 0, rgolr) =71 —x) .

Choose initial conditions for evolution:

" ‘ b2 (k) \ 2
fap (2, br) =exp | — 1 . g (br) = —g b7,

where (k2) = 0.25 (GeV?), g = 0.2 (GeV?). We also choose b,,,, =1 (GeV~1).

4effergon Lab



Numerics
A. Bacchetta, AP, 2013

Choose initial conditions, Qo = 1GeV:

P N 0.5/7- v (1.5 o T o5y FoN 0.5 /- w5
ruglr) = xdy(x) = 2" °(1 — )77, rig(x) = xdy(x) = 0, rgol(r) = 22 (1 — )",

Choose initial conditions for evolution:

" ‘ b2 (k) \ 2
fap (2, br) =exp | — 1 . g (br) = —g b7,

where (k2) = 0.25 (GeV?), g = 0.2 (GeV?). We also choose b,,,, =1 (GeV~1).

Important!

See talks of Daniel Boer and Feng Yuan

.Jeffergon Lab



Numerics
A. Bacchetta, AP, 2013

Y
o

1 1 IIIIIIJ

LY
-'.;I;',’ -

f (x=0.01, k.l.)
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Numerics
A. Bacchetta, AP, 2013

Justification of
“naive” phenomenology

Y
o

1 1 IIIIIIJ

[l -
sLv
_..:.'_‘. - -

f (x=0.01, k.L)

" The form is very much
resemblant to what is
used in phenomenology
at filxed §cale| . .

0 1 2 3 4 5 6

X k| (GeV)

See talk of Elena Boglione

107"

1072
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Numerics

S

_|
A 1
—
=
()

Il

X 107
"
-

1072

A. Bacchetta, AP, 2013
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Numerics
A. Bacchetta, AP, 2013

=
=
Q=100 (GeV) 5-
5 — .
Y ? 10_1:
1.‘ x B
\‘ '
\~.~ h
0 ] ] ] ] ] ] | #
107 0o 1 2 3 4 5 6

f1 .......... g ................... h1
1
Soffer bound on transversity is not violated numerically

4effergon Lab



Conclusions

« Coefficient functions for TMD evolution of
transversity and helicity are calculated

« Results are compared with CSS formalism

 Soffer bound on transversity is not violated
numerically

4effe-20n Lab
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