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Unpolarized data phenomenology



Unpolarized data phenomenology

»Tmd factorization has been proved for two kinds of processes:

DRELL-YAN SIDIS
(JLAB,HERMES,COMPASS)
»[s~20-69 GeV; 1-7 TeV »[s~3.6-7-18 GeV
>4<Q<9; 10.5<Q<25 GeV; MZO »1<«Q<3.2 GeV
>0.1<Pi<tens GeV; 1-hundreds GeV >0.1<P<few GeV
»(Absolute) Cross sections >Multiplicity
> (P >(P%
» Azimuthal asymmetries » Azimuthal asymmetries




Unpolarized Drell-Yan phenomenology
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Drell-Yan phenomenology

»Low energy data example: FERMILAB E288 at 3 different energies
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E288 pN E= 200 GeV, Vs=19.4 GeV, y=0.4 E288 pN E= 300 GeV, Vs=23.8 GeV, y=0.21 E288 pN E= 400 GeV, Vs=27.4 GeV, y=0.03
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> The P distributions seem to be Gaussian....




Drell-Yan phenomenology

» Simple phenomenological ansatz

—k2 /(K?) Factorization of longitudinal and
f / (x, k1) = f(x) © ___—® transverse degrees of freedom;
P ’ﬂ‘(ki) Gaussian distribution of transverse momentum
2 2
In this way the distribution in P do eXp(_PT/<PT>)

T __p X
2
is just a guassian! dP, T

j}? ;ff}/.‘u(ﬁﬁl)fc}/h2 (22) ﬂ'(Pi%)

»Where for pp or pN scattering we just have: (P%) = 2(]5&)



Drell-Yan phenomenology

» Are data gaussian distributed?
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Nicel

Further information: the M? dependence
is described by model and it is given by
the interplay between 1/M? born cross section

+DGLAP+Kinematics

Is the width of the gaussian
a measure of fransverse momentum?

The model does not answer directly o this question.
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» Are data gaussian distributed?
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Drell-Yan phenomenology

do

E288 p=200 GeV (Vs=19.4 GeV)
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»Each data set is gaussian but with a different width
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Drell-Yan phenomenology

» Are data gaussian distributed?
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»QCD prediction?

2 pert.

* Altarelli, Parisi and Petronzio
Phys.Lett. B76 (1978) 351

See, for SIDIS, also
Schweitzer, Metz, Teckentrup

Phys.Rev. D81 (2010) 094019
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Drell-Yan phenomenology

» Are data gaussian distributed?
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Drell-Yan phenomenology

» Are data gaussian distributed?

dO' em _ X _PQ P2
dP% j/f—? gfq/hl(ml)fq/hz (22)- b( ﬁ(;ﬁé; 7))

(1/c)do/dqy

0 5 10 15 20 25

% CDF Run I /_ Clearly it is not a Gaussian tail.
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Drell-Yan phenomenology

» Are data gaussian distributed?

do (P22
ﬁ > M2 foa*fhl 1) fq/hz(:b‘z)e p(ﬂ;é)( )

/— Clearly it is not a Gaussian tail.

(1/c)do/dqy

» The tail is generated by
Soft Gluon emissions
that can be treated
using QCD

0 5 10 15 20 25
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Drell-Yan phenomenology

»Resummation: CSS

EE?IVj(ﬂil,fﬂngT,Q)‘FY( x1,%2,qr,Q)

(2m)° ’% \‘

Soft gluon emissions resummed in b-space Regular part

1 do B /riszeiqT'bT
oo dQ*dydg> B

Wi(xy, x2,br,Q) = exp [S;(br.Q ]Z(?‘H(&Jfi T, CQ/E}T) Jk®fh(r2,02/bg)

-
o

Q2 (7Y
Sudakov factor S, (br,Q) =/ dr” [Aj(ag( ) In (Q—j) + Bj(as(k ))}

. 2
ci/oz

C1 = 2exp( _’YE)

14

Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)



CSS formalism

> We can resum pertubartively the soft gluon only up to some value of b_|

F‘fj(.f 1, T2, br, Q) = €Xp [S ij ]Z Cjt & fi C}k ® f_:;(-’ﬂg, Cf/ij%)

Q*

QE

K2

Afan)in (L) + By ()

At large b_ the scale y becomes too small!

This correspond to the case when:  Q* > ¢ ~ ﬂ@p D

Very small transverse momenta are hon perturbative
They cannot be treated by pQCD, we need a phenomenological prescription

Cy = 2exp(—g) 15

Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)



CSS formalism

> Let us freeze the scale when we reach a non perturbative region and define:

b-T = g — = le/b*

bT —> ), = =
\/1 _|_ b'%/b?'}lﬂl‘- bT

And then we define a non perturbative function for large b_:

W;(z1,z2,br, Q)
I/I(rj (3:]_, m?:« b:ifa Q)

Fnp(x1, 22,07, Q)

Wj(@r,@2,br,Q) = 3 exp[S;(bes Q)] |Cii ® fi (21, 10) | [Cic ® fi (w2, 0) | Fxp(ar, . br, Q)

o ‘\% /4

b b
C1 = 2exp(—yg) %> Hb I
16

Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)



CSS Phenomenology

To perform phenomenological studies you need a non perturbative function.

Fnp(ri,x2,br,Q)

. - 0

Davies-Webber-Stirling (DWS) exp| —g;—g»ln 2 0 b?;
0/

. Q0 5

Ladinsky-Yuan (LY) exp{ | —g;—g,In 200 b>—[g,85In(100x,x,)]b {;
. 0/
Brock-Landry- Q! B
Nadolsky-Yuan (BLNY) exp| —&;—&»In ZQ{} —£183In(100x,x,) | b~

17

Nadolsky et al., Phys.Rev. D67,073016 (2003)
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CSS Phenomenology

* Parameter DWS-G fit LY-G fit BLNY fit
Nadolsky et al.* analyzed successfully
] g 0.016 0.02 0.21
low energy DY data and Z production data & 054 0.55 0.68
21 0.00 -1.50 -0.60
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bpar=0.5 GeV~!
18

*Nadolsky et al., Phys.Rev. D67,073016 (2003)



CSS cooking....

Konychev and Nadolsky Phys. Lett. B33,710 (2006)
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»Larger b, . improves the convergence but...

max

h br y, = Cy /b, W, can become less then 1 GeV
Ci1=2exp(—vr) (it does for b, ,,=1.5 GeV'!)

Vv 1 + b’%“/b?%lﬂ.l‘-

»Freezing, Shifting, where? ol



150

140

~.130 |

120 |

CSS cooking....

Konychev and Nadolsky Phys. Lett. B33,710 (2006)
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»From the other side... p, becomes infinity at b=0

b br ty, = Cq/b,
Vv 1 + b‘%-‘/b?%la;l’

»Freezing? How? Where?
C1 = 2exp(—E)

See Ellis et al. Nucl.Phys. B503 (1997) 309

> The b* prescrition is a model! Qiu et al. Phys.Rev. D63 (2001) 11401
Complex plane method(Werner Vogelsang)

»and talk by Ignazio Scimemi 20




Unpolarized SIDIS phenomenology
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SIDIS phenomenology

SIDIS
(JLAB,HERMES,COMPASS)

»[s~3.6-7-18 GeV
»1<«Q<3.2 GeV
»>0.1<P<few GeV

> Multiplicity
>(P-2)
» Azimuthal asymmetries
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SIDIS phenomenology

» Simple phenomenological ansatz

oK1/ (kD)

W Dh/q(z,pﬂ = Dh/q('z)

fQ/}U(:C: ki) = f(z)

o—P2/(P2)

fyu = Z 6621 fa/p(®5) Dpyg(zn)
q

(Pr) = (p1) + 2 (k1)

m(Pf)

e_pi/<p3_>

m{(p3 )

23



SIDIS phenomenology
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m(Pf)
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See talk by Osvaldo Gonzales
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Fyu =Y €2 fo/p(x5) Dnyq(zn)
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SIDIS phenomenology
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See talk by Osvaldo Gonzales
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SIDIS phenomenology
»Gaussians but flavor dependent, x dependent, z dependent-....

—k2 J(k?) e~ P1/(P1)
e v/l D - D -
fq/p(x: kJ_) — f(ZE) h/q(zapJ_) h/q(z) W(pi)

m(k?)

e —

> (1—x)%x° 2 2 (2" +8) (1= 2)"
K3 (@) = (k2 ) El - z;a P @) =Pl G o

m(x,z,P2;, @%), proton target
—

_ ' ]

ot 015 o 010<2<0.20 ] proton target glpbal x2/d.of. =1.63 + 0.12
= 20 Gov? 3 . g-gg:;zg% no flavor dep. 1.72 £ 0.11
L ' I o 060<z<080 |

60<z<0.80 i

See talk by Andrea Signori
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CSS Resummation and TMD evolution (2011)
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CSS Resummation and TMD evolution (2011)

»2011 - Proper definition of a TMD (in b space):

- dy ~
F(z,br.Q,Cr) Z/ —Cm (/Y. be, - 1) [ (s 115

exp {111 ( \/TF) K (bs, py) + /j %TF(HQ 1) —In ( \/TF) ’}fx(hf)}

,u;b " K
exp {—gp(m: br) — gr(bp)In ( Vir ) }
Cro

New scale g related to rapidity divergences

28
Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

b

2 T Y

= () b, = py, = C1/b,
CF \/1 )T/bﬂlul

» And previous expression simplify considerably:

F‘(fﬂg br,Q,(p = Zcfjj U:h*:.ubnub) ® fj(Uhub)

dk l
exp (K Q° h:z}
1{[ (5 Q)
exp{ gp(x,br) — g (br) In (gﬂ)}

29
Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




CSS Resummation and TMD evolution (2011)

»In phenomenological applications:
b
(r = Q* -

b* — Hy = CTl/b=1<
\/1 + b‘%/@%zar

» And previous expression simplify considerably:

F‘(Jjg bT—,Q, CF = QE) = Zéffj(irf'/y:h*:ﬁi'b:ﬂg) ® fj(y:ﬁib)

J

/Q dk ( Qz/ 2)
ex K K
Convolution of the collinear PDFs P by K TF R

b
with the Wilson coefficient

exp {—gp (,br) — g (br) In (%) }

30
Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

b

2 T Y

— b, = py, = C1/b,
CF Q \/1 )T/bﬂlul

» And previous expression simplify considerably:

F‘(fﬂt br,.Q,(r = Zcfjj U:hﬂ.ubnub) ® fj(U:ﬁib)

dk :
4/—|exp { [ e Qz/ﬁz)}
Sudakov factor pp I
Q
expq —gp(x,br) — g (br)In
Qo

31
Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

b

2 T Y

= () b, = py, = C1/b,
CF \/1 b%/b%lar

» And previous expression simplify considerably:

F(x,br,Q,(r = QE) = Zéf;j(if--'/y:-h*,ﬁi-mﬁiﬁ) @ [y, pw)

J

Q dk :
. . exp / —7r (15 Q% /K?)
Non perturbative function uy, K
‘\\ - L (Q
exp{ —gp(x,br) — g (br)In | =

Qo

32
Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

b

2 T Y

— b, = py, = C1/b,
CF Q \/1 )T/bﬂlul

» And previous expression simplify considerably:

F‘(fﬂt br,.Q,(r = Zcfjj U:hﬂ.ubnub) ® fj(U:ﬁib)

dk :
4/—|exp { [ e Qz/ﬁz)}
Sudakov factor pp I
Q
expq —gp(x,br) — g (br)In
Qo

33
Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

Z}T
= C K b* = My — C*l/b*
CF 9 \/1 }T/bnuu

» And previous expression simplify considerably:

13'(:1:? br.Q,(p = QZ) = Zcf/j U:b*:iibaiib) ® fj(Uafib)

XD { 55655(?}* , p:b)}
Sudakov factor is the same of CSS!

Roughly speaking the TMD evolution oxXD f v b — b) In Q
reduced to a CSS resummation. XL (jp( T) IK ( T) QD

CSS results can be used to study TMDs.

34
Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




Alternative evolution equation

3 &£, o7, F = ’ “ ar
(i ;; @QO Em QQ)) ) e"p{/ o b (sst) ) (@ H)]}

Qo .
exp [/ d—’}’K(ﬁ)lﬂ(Q/Qn)] exp [—grx (br)In (Q/Qo)]

b

= R(Q,QD,bT )exp [—gx (br) In (Q/Qy)]

(*E bT Q Q ) :I bT:QD:QD) (Q‘ Qﬂth) €Xp [_QK(E’T)IH (Q/Qﬂ)]

Output fun;D (Inpu’r function

Notice that:

MH{%*(J;abT:‘QaCF) _ mfl(mabT:QaCF) _ }}‘(:ﬂ:stQ:CF)
(2, br, Qo,Cro)  fi(x,br,Qou,Cro)  F(x,br,Qo,Cro)

35
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EIKV phenomenology

»TMD evolution in the CSS-like version

(I bT:Q CF_ Zcf/j 77’:'5*?.‘15?.”6)g’fj(u:#b)

exp { 55055(&1* : ,ub)}

exp{ gp(z, bT)gﬁ(bT)hl(gn)}

» Some approximations to make life simpler

Cji(z,a(p)) = 6,;0(1 —z) At LO; PDF at LO

» Simple parametrizations for the non-perturbative part:
Fnp(br, Q)P4 = exp {—bT ( pdf. | 72 ln(Q/QU)H

Fp(br, Q) = exp |6 (9f + £ 1n(Q/Q))|
36
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EIKV phenomenology

>Fit DY data and SIDIS data....

[=]
(=4
(=1

% 2500 [ % ~ 008 T
O 8 p+p Vs=1.8 TeV ) p+p Vs=1.8 TeV % p+pVs=7 Tev
& 2000 - 2 -4 g o CMS Z
e r * DOW T 600 - G ® CDFZnm 1 £0.06 ’
£ ) r o DOZ g
L 1500 - £ i z i
400 = 0.04 []
1000 F [ [ =
L 2 L D
soo b 200 0.02 T -
o J T O S R L A T T T O N O ol v v
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
pp (GeV) pr (GeV) pr(GeV)

E288 Vs=19.4 GeV E288 Vs=23.8 GeV

Edo/d’p (pb/GeV?)

Edo/d’p (pb/GeV?)

Z and W-Boson Production %ﬁ\f\ ) (e

Ll L T T N B S
12 14 0 02 04 0. 0.8 1 12 14
pr(GeV) pr (GeV)

Low energy Dy oozol4o‘eos 1

10 ¢ E288 Vs=27.4 GeV

EG05 Vs=38.8 GeV

Edo/d’p (pb/GeV?)

T
Edo/d’p (pb/GeV?)
o
o [
%
.

10 Lol b b b 100 N N BRI BN B s
0 02 04 06 08 1 12 14 0 02 04 0. 0.8 1 12 14
pr(GeV) pr (GeV)
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EIKV phenomenology

HERMES SIDIS data

~ 10 ¢ « 10
% g HERMES E : HERMES
= [ . Proton w ~— i . Proton T
FJD‘T Nﬁ? I
3 1 3 \\ —U .
N - N 1
A >
Z - ? z L ]
] - L = B * * .
[ ]

_1— \ :
10 F . . . ;
= . _1
- ‘\4 10 E * .
B (x5)=0.117 : (xg) =0.117 .

(Q7)=2.45 GeV”

(Q%)=2.45 GeV?
I AN E AT S A ST AT AT S A SN AT AT S AT A AN AN SN

10 &
N T N T A AN A N O MO B B O O
0 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
pr (GeV) pr (GeV)

MSTW2008 PDF and DSS
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EIKV phenomenology

(some...only two bins?) COMPASS SIDIS data

r\r\ 10 C Nﬁ ]'0 r
% C COMPASS :>v - COMPASS
< Deuteron h” <o Deuteron h'*
& =
[ )
= =
7 1 <
- -
1 (-
10 i \“'D\:\,\'\h _
- OOOOo 1
L 10
- =0.093 ° %@ -
1021 <Q > 7.57 GeV? [ (Q)=7.57 GeV? =
:II L1 | ||||||||||| |||||||||||||||||||||||||||||||||||
0 0.1 (}.2 0.3 0.4 05 06 07 08 0 01 02 03 04 05 06 0.7 08
pr (GeV) pr (GeV)
MSTW2008 PDF and DSS
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TMD evolution modelling
Rogers & Aybat

F(x,bp; Q) = F(x,br: Qo) R(Q, Qo. br) GXD{—QK(()T)In%}
. .2 .
F(zx, bT:QO;Qg) = f(z, Qo) exp {— U}) b%] .‘-SFKUJT) = 5925‘% g, from DY

Average transverse momentum from SIDIS (HERMES)

1UEIII|III|III|III|III|III|IIE
- 5< Q<6 (GeV) ]
RS W_

Red line, prediction based : y w\‘?\ ]
' >, - 8 < Q<9 (GeV) ]

onh the above formula mhgg ol \\————_______\.—
: k=) c 3

with the parameter as IS - E288
in Rogers,Aybat 2011

109 . —
F -

B 11 < @ < 12 (GeV) B ——

4'——-*—=—‘—4_,

- i
10° 0<13 (GeV) ‘F‘_\_‘:’:—‘:}—:

|||||||j||||||||||||||||||:
0 0.2 0.6 0.8 1 1.2

p, (GeV)

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)
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Alternative TMD evolution
Yuan-Sun phenomenology

»Yuan-Sun explanation: the Sudakov form factor must be modified taking into
account that low energy data are almost in a non perturbative region.

0 dii - 2 21,2
Ssut = 2Cy f A 2.5) [m (Q_Z) +1n 207 —%]
Q M T M €o

Fyy(Q:b) = e @D [, (Qq: b),

Fyu(Qo, b) = Z'E’?%_/'q(ﬁffh m=0Q0)D (2, = Qo)e 8ot~ 8ib*/3,
q

»Notice that there is not any b* and therefore any b

max-*

See for a interesting discussion Section VII of Aidala, Field,
Gamberg, Rogers, Phys.Rev. D89 (2014) 094002
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Alternative TMD evolution
Yuan-Sun phenomenology

»Gaussian parametrization for the PDF and the fragmentation function
at the scale of HERMES.

Fuuy(Qob) = Zf’»’é./lq(ﬁf& = Q0)D (2, = Qg)e S0P~ &b’/
q

Wou(Qo.b) =D eqfq(x = 00) f4(', p=Qp)e 80" ~80”"
q

42

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)



Multiplicity

v
-

Alternative TMD evolution
Yuan-Sun phenomenology

»Gaussian parametrization for the PDF and the fragmentation function
at the scale of HERMES.
»Parameters g, and g, as in Schweitzer et al, Phys. ReV. D81,094019 (2010)

T[T T[T IO [ TTTT[TITT[TTTITTTT Frorrprrrr T e T T T TS ACTT T T T[T T T T[T T T T
r B —_ ~L _— - _
HERMES | °F 3 . 35— | -
- e AN b 3 B =
£ [ Ne COMPASS - o N COMPASS _
E 1 b E 25— —
3 T 3| : ] 5 r 035<z<0.4h ]
L = > r ;
L S 0.3cz<0.351\11 g 2 N ]
L 3 o0 \I\? B S 15; n+d—h'+X \1\1\ =
i 2 X\ ] 2 F Py 3
- u+d—h"+X E S
1= Ty ]
B b [
L 1? r1 ::\; 7 C B -
T, 0.5 =
| | | | | | | | ’I\II‘III\|I\II|\II\|II\I|\III|II\I|IIII’ :IIII|IIII|IIII|I\II|III\|IIII|\III|II\I:
L b b o b b b v b e 0 01 02 03 04 05 06 07 08 0 R B R RV R YR Y-S ox o
0 01 02 03 04 05 06 07 08 0.9 P, (GeV) P, (GeV)

p,(GeV)

\kb Evolution /‘

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)
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Multiplicity

v
-

Alternative TMD evolution
Yuan-Sun phenomenology

»Gaussian parametrization for the PDF and the fragmentation function

at the scale of HERMES.
»Parameters g, and g, as in Schweitzer et al, Phys. ReV. D81,094019 (2010)

7\\I‘\Ill\II|\\\‘\\\‘\\\‘\\\7 1,\\\\\\\\\‘\\\‘\\\‘\\\‘\\
fi_\; 5<Q<6(GeV) ]

6<Q<7(GeV)

;

E288

E288

= Roger-Aybat

||||||||||||||||||||\||||\||||\||||||||||||| NE;{ N’f:. : yUan—Sun
HERMES 3 1 8 .& -—
1 E CSS
Lol 3 | o
p, (GeV) p, (GeV)
C ~ - : : :
E i 7<Q<8(GeV) ] o6 % 8<Q <9 (GeV) 3
E288 F E288
NEEE NN PR FRETA RENEE SRR ARAN1 SR AN1 NAY 7 ____________________________________ 7 - T 7
0 01 02 03 04 05 06 07 08 0.9 o5 N~ E 7
p, (GeV) T s
p, (GeV) p, (GeV)
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The Sivers function
from SIDIS data
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Sivers phenomenology

> Aybat-Roger-Prokudin: TMD EVO I0 No FIT  Qual. OK

F(2.br:Q) = F(.br: Qo) R(Q. Qu.br) exp {—gK(bT)InQ}

)’J

Qo

y

B 2 1 .
P, br, Qo, Q2) = f(, Qo) exp { “;)b%] 9ic(br) = 59213 g from DY

0.15

sin (0, -0,)

ut

0.05

01—

TMD evolution

HERMES ¢
COMPASS ¥

Aybat, Prokudin, Rogers, Phys.Rev.Lett. 108 (2012) 242003
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Sivers phenomenology

> Aybat-Roger-Prokudin: TMD EVO I0 No FIT  Qual. OK

> Anselmino-Boglione-Melis: Gaussian FIT v?=1.26

HERMES PROTON COMPASS PROTON

01 F . 01}
n h*
0.05 0.05 }
2 K.
< <
== ke
w<3 0 m<(3 0
1.28 163 2.02 247 32 432 618 (@ <Q2)
005 —— TMD . 005F ——  TMD
---- DGLAP . . ---- DGLAP
0 0.1 0.2 0.3 0.01 0.1
X Xg
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Sivers phenomenology

> Aybat-Roger-Prokudin: TMD EVO I0 No FIT  Qual. OK
» Anselmino-Boglione-Melis: Gaussian FIT v°=1.26
» Anselmino-Boglione-Melis: TMD EVO IO FIT x°=1.02

HERMES PROTON COMPASS PROTON

0.1}

01F

0.05 | 0.05

ABI_T_(‘Ph"Ps)

AS_T_(%“PS)

-0.05 } —  TMD . 005 F —— TMD
---- DGLAP . . ---- DGLAP
0 0.1 0.2 0.3 0.01 0.1

XB Xg
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Sivers phenomenology

» Aybat-Roger-Prokudin: TMD EVO IO No FIT  Qual. OK
> Anselmino-Boglione-Melis: Gaussian FIT v?=1.26
» Anselmino-Boglione-Melis: TMD EVO IO FIT x°=1.02
> Sun-Yuan: TMD EVO IO+ Modified Sudakov FIT %°=1.08
SIVBI'S(QU D) {b Zejz&[‘dvm‘"(}t l) (gn_gﬁ)bz_ghbzfé Sau = 207 ;d; a'fTﬂ)[ 1’1(#2) “in QE;])E ;]
Sy
0:045_ H+p— h+X 0.06 ;_HERMES } l
0'015_ o -OOZE— } {' e+po1T+X I
°F 1 |
B T
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Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)



Sivers phenomenology

> Aybat-Roger-Prokudin: TMD EVO IO No FIT  Qual. OK
» Anselmino-Boglione-Melis: Gaussian FIT x*=1.26
» Anselmino-Boglione-Melis: TMD EVO IO FIT x°=1.02
»Sun-Yuan: TMD EVO IO+ Modified Sudakov FIT v°=1.08
»EIKV: TMD Evo a la €SS+ C at LO FIT v?=1.3

in(én—ds) L [T . _
Fenon=0s) — fo dbb2J1(Py1b/2) Yy €2 Tyr(wp, 25, 0/ba)Dyyjg(zh.c/bs)

q

Q* 1.2 2 : _
X exp { — / % Aln Q—2 + B bexpl —b? ggf + 977" + goln Q
2 /b2 Iz Qo

50
Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074013




Sivers phenomenology

> Aybat-Roger-Prokudin: TMD EVO I0 No FIT  Qual. OK
» Anselmino-Boglione-Melis: Gaussian FIT v°=1.26
» Anselmino-Boglione-Melis: TMD EVO IO FIT x°=1.02
»Sun-Yuan: TMD EVO IO+ Modified Sudakov FIT v°=1.08
»EIKV: TMD Evo ala €SS+ Cat LO FIT v?=1.3
i uf 7 Eooaf
OO;_ }_/{(rr{*] i L}/PHT %j,ii/; < 0.05 F 3
et { 3 3 O ;:I--:..-;—i{ h!tl —i—\i____i = ¥
S T e Y S s
_ 1072 o ' 025 05 075 1 02 04 pz:G(Ge\?)IS
Z Py, (GeV) 51
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Sivers phenomenology

» Aybat-Roger-Prokudin: TMD EVO IO No FIT  Qual. OK
> Anselmino-Boglione-Melis: Gaussian FIT x°=1.26
» Anselmino-Boglione-Melis: TMD EVO IO FIT x>=1.02
»Sun-Yuan: TMD EVO IO+ Modified Sudakov FIT v°=1.08

»EIKV: TMD Evo a la €SS+ Cat LO FIT x°=1.3
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Unpolarized phenomenology

Can these methods
describe unpolarized processes?

SIDIS DY
» Aybat-Roger-Prokudin: TMD EVO IO No No
> Anselmino-Boglione-Melis: Gaussian gz::fmly) Ml\‘l‘zt:;‘;we‘;zzgy
» Anselmino-Boglione-Melis: TMD EVO IO No No
No Hermes Yes low energy

»Sun-Yuan: TMD EVO IO+ Modified Sudakov YES/Maybe COMPASS  No High energy

»EIKV: TMD Evo a la €SS+ C at LO No Hermes

YES/Maybe COMPASS ~ 'ES
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Unpolarized phenomenology

Can these methods
describe unpolarized processes?

SIDIS DY
» Aybat-Roger-Prokudin: TMD EVO IO No No
> Anselmino-Boglione-Melis: Gaussian ?’s\z;::’mly) Ml\‘l‘zt:;‘;we‘;zzgy
» Anselmino-Boglione-Melis: TMD EVO IO No No
No Hermes Yes low energy

»Sun-Yuan: TMD EVO IO+ Modified Sudakov YES/Maybe COMPASS  No High energy

»EIKV: TMD Evo a la €SS+ C at LO No Hermes

YES/Maybe COMPASS ~ 'ES

> This is a comparison list!

There other works related See talk by Osvaldo Gonzales, Andrea Signori
to the unpolarized processes! Leonard Gamberg, Ignazio Scimemi...
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Conclusions

»Gaussian model can describe many features of low energy data
but they are not able to describe all the data coherently

»CSS resummation describes DY data but the non perturbative
part is important (and can be relevant in a fit SIDIS+DY).

»Different approaches can describe the Sivers asymmetry.

» Although we did a lot of progress, none of these approaches
is able to describe all the data in a satisfactory way.

»Future machines like EIC could help to have data at energies

closer to the low energy DY.
55
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Yuan-Sun phenomenolgy

» Then Anselmino et al like parametrization for the Sivers function at the
scale of HERMES

~ ibS M
I ;.lirvers(QU’ b) — J2_

Z%N?”ﬁ”‘ "Y)Dq(z)e_{gﬂ_gﬁ)bh_ghbh/(%
q

{a'q+5q)“fr+ﬁq

ag ~Bg
@, By

Af,(x) = N x%(1 — x)Pq fq(x)

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)



Yuan-Sun phenomenolgy

TABLE 1. Parameters {u?} describing our optimum Af; in
Eq. (5) at the input scale Q®> = 2.4 GeV.

flavor i N; a; B; 2, (GeV?) 2 . .
u 0.13£0.023 0.81 £0.16 40 = 1.2 0.062 £ 0.005 X /d. O. f — l - ()8
d —0.27 £0.12 1.41 £0.28 4.0=x 1.2 0.062 = 0.005
K 0.0720.06 058 =0.39 4.0=1.2 0.062 = 0.005
u —0.07 £0.05 0.58 £0.39 4.0=x 1.2 0.062 £ 0.005
d —0.19=0.12 058 £0.39 4.0=x 1.2 0.062 = 0.005
0-08L dinge,-o 0.08 | sin(0,-0)
E Ay [ Aur e+p— 7t+ X
0.05F L bt X i
- #+P * 0.06 "HERMES F
0.04 -
= 0.04 -
0.03F COMPASS N { {
- 0.02F
0.02 i +
- I o
0.011 - % e+po>1T+X J'
= -0.02|- } ‘
-0.01F -0.04f
:II\\| | IIII\I\‘ _\I\I‘I\I\‘\\\\'\I\I‘I\I\'\I\\
102 10 0 0.05 0.1 0.15 0.2 025  x0.3

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)

60



Ayt (o) — o)

Yuan-Sun phenomenolgy

0.20 |
0.15 i COMPASS Drell-Yan ]
|~
0.10 - L - A
/,.---* :
0.05 - / \_-
000 S R TR B S
0.2 0.0 0.2 0.4 0.6 0.8
XF

61

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)



Yuan-Sun

F(x.br: Q) = F(x.br: Qo) R(Q. Qo.br) exp {_gK(bT)lﬂ%}

10

I L L L L L
5< Q<6 (GeV)

by T

. 7<Q<8(GeV)

P ——
———— -

E288

doi dp’ dy
S,

T T IIIIII|

11 //

This formulation maximize the
Non perturbative input
Maybe not suitable for DY...

t '
e S

11 < Q < 12 (GeV) L e ———

107 12 < Q < 13 (GeV)

0.2 0.4 0.6 0.8 1 1.2
p, (GeV)

o IIII|
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Echevarria-Idilbi-Kang-Vitev
phenomenology

63
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EIKV phenomenology

»Restart from the TMD evolution in the CSS-like version

ﬁ‘(m:bT:Q:CF EQQ) - Zéf/'j(’r/u*b*aﬂbwug)®f}(?)'uufb)
J

Q K
exp { [ ,, (k1) ~In (%) m(ﬁ,)}

exp {—gp(:}?., br) — gk (br)In (g) }
Qo

> Make some approximation to simply life

Cji(z,a(p)) = 6,;0(1 —z) At LO; PDF at LO

Echevarria, Idilbi, Kang, Vitev Arxiv: 14015078



EIKV phenomenology

»Simple parametrizations for the non-perturbative part:

Fnp(br, QP = exp { b7 (Gpdf + = 111(@/@0)”

Fyp(br, Q)" = exp |:_b%" (615 + %2 111(@/@0))}

»Choose Q,°=2.4 GeV* as reference scale. We know that simple gaussian
models describe well SIDIS data...

pdf (kimo ff (P >Q0
99 = — > 91 = 72
__1 /
(k3 )0, = 0.25 — 0.44 GeV?, (p3)g, = 0.16 — 0.20 GeV?

»We know that DY data can be described using:

bumax = 1.5 GeV=L  ga = 0.184+ 0.018 GeV*
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EIKV phenomenology

»Try to find reasonable parameters to describe data and see what happens...

(k3)0, = 0.38 GeVZ,  (pF)g, = 0.19 GeV?, gy = 0.16 GeV?
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EIKV phenomenology

Z and W-Boson Production

~ 2500 ~ 800
> I S i L~ 008
g I ptp Vs=1.8 TeV ) - p+p Vs=1.8 TeV > p+p Vs=7 TeV
"2 2000 2 - S/ - e CMSZ
= r * DOW % 600 e CDFZmunl £ 0.06 - o
<) & - 0 D0Z 3 :
8 1500 |- B I =
= - =] L P |
r 400 - = 0.04 |- s
1000 I [ s
C 00 o .
500 |- 200 1 0.02 .
0 | | | | 0 _I | L | 0 | | | |
0 5 10 15 20 5 10 15 20 0 5 10 15 20
pr (GeV) py (GeV) pp (GeV)

MSTW2008 PDF
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Edo/d’p (pb/GeV?)

Edo/d’p (pb/GeV?)

10

10

10

10

10

10

EIKV phenomenology

Low energy Drell-Yan

E288 Vs=19.4 GeV

0 02 04 06 08 1 12 14
pr (GeV)
3 E288 Vs=27.4 GeV

Edo/d’p (pb/GeV?)

/_

Edo/d’p (pb/GeV?)

10

10

10

10

—
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2

I‘I
S [T
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|

5 oionnn ] EKS98 Cu PDF
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04 06 08 1 12 14
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i E605 Vs=38.8 GeV
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] [}

]

v v b b v by s
02 04 06 08 1
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EIKV phenomenology

HERMES SIDIS data

~ 10 ¢ « 10
% g HERMES E : HERMES
= [ . Proton w ~— i . Proton T
FJD‘T Nﬁ? I
3 1 3 \\ —U .
N - N 1
A >
Z - ? z L ]
] - L = B * * .
[ ]

_1— \ :
10 F . . . ;
= . _1
- ‘\4 10 E * .
B (x5)=0.117 : (xg) =0.117 .

(Q7)=2.45 GeV”

(Q%)=2.45 GeV?
I AN E AT S A ST AT AT S A SN AT AT S AT A AN AN SN

10 &
N T N T A AN A N O MO B B O O
0 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
pr (GeV) pr (GeV)

MSTW2008 PDF and DSS
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EIKV phenomenology

(some...) COMPASS SIDIS data

r\r\ 10 C Nﬁ ]'0 r
% C COMPASS :>v - COMPASS
& a Deuteron b’ & Deuteron h"
= I =
f'\io L N"U
) N
= =
Z 1 = <
- - =
- L F
-1 . L
10 ¢ COOOO
= L] & OOOO -1
B ®, - L
L oo o 10}
- II! C
- (xp) =0.093 @ 5%@@@
107 (Q)=7.57 GeV? L (Q)=757GeV =
:III|||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||
0 0.1 02 03 04 05 0.6 07 02 0O 01 02 03 04 05 06 07 08
pr (GeV) Py (GeV)

MSTW2008 PDF and DSS
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EIKV phenomenology

»Ready for Sivers! Again a CSS-like version approximated at LO

A1

Q* 112 2 : :
X exp { — / % Aln Q—Q + B yexp{ —b? g{f +91 " +galn Q
2 /b2 Iz Qo

1 |. _|. 1 OC. i
F;l;(q}h ¢s) :—/ dbszl(Ph_Lb/zh) E Eg'Tq_‘F(;l’?B,;FB.C/E)*)Dh_/q(zh,C’/b*)
0
q

» The Qiu-Sterman function treated at LO as a Sivers function.

r¥ (1 — )% fo/a(x, p)

Ty F(x, 1) =N,

Using an Anselmino-like parametrization.
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EIKV phenomenology

>Fit of HERMES, COMPASS and JLAB data

y?/d.o.f.=1.3

-1 +0.192 - -5+0.303
Qgen = 0.85175-307 B = 48571582
AT . .40.011 N 5-40.039
AT A+0.018 N -+0.043
T F; 5t T B el millard
N. = 0.10379253 Nz = —1.000£1.757
(K2) = 028270003 GeV?
0.1 -
E - u E - ;l - 8
0.05 - = =
& i i
><.\ - -
- - SOF
# B oo
-0.05|F - -
-~ d - d s
_0-1 L Il IIIIHIl 1 \IIIIII| IR 1 \IIHIIl 1 I\IIIH‘ L1 L1111l 1 IIIIIII| L1 ‘
107 107 107 107 107 10" 107 107 10
X X X
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EIKV phenomenology

HERMES SIDIS data

HERMES Proton

AS-ivers

ASI Vers

z E 0‘15_

0.05F
-0.05
01 f
E o1fF
0.05 F
0.05F
-0.1F
- :
= 01F

0.05F

-0.05 F

-0.1F

1 1
0.2 0.4 0.6

Zh ph_L (CI'EX—)

Echevarria, Idilbi, Kang, Vitev Arxiv: 14015078



EIKV phenomenology

COMPASS SIDIS data

COMPASS Proton

2 01F n n
J"q:— F h N n
0.05 F ¥ - -
[ N - N 3
0 —i—i-l—l—l—[-‘—‘f"i_— . uft] —!‘J___i ! = = —3
-0.05 F - -
0.1 f - -
- Ll L1l L 1 IIIIIII 1 Ll 1 L 1l 1 1 Ll Ll 1 1l IIIIII 1 Ll L 1 L I
b 01F - C
= B - [ N
7" i h" ¥ :
0.05 F - -
:_‘_!,]/')/I{!_\! : m . .,:_—r—r—kf—.—j!
oF . L s
-0.05 F - -
01 F - -
| AT T | PSRN SU ST I Y [ SR N ST TR NN TN SR T S A WY SN S T N U SN P R S KN TR SR T NN S T SR NN R !
-2 -1 7 2
10 10 025 05 0.75 1 02 04 06 rE).s
Xp z, Py, (GeV)
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EIKV phenomenology

Predicition for COMPASS Drell-Yan

Z -
< 0f ot

0.01 —
0.02F
0.03E

0.04 =

-0.6-04-0.2 -0 0.2 04 0.6
X

F
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Extraction of transversity & Collins functions

» Azimuthal asymmetry in polarized SIDIS

do! — dot = X@ dAG(y, k1) ®

q

ANDh/qT (z, p_l_)

Transversity Collins function

/ dodeg[do! — do'] sin(¢ + ¢g)
Asin(é+9s) _ 5
urT -

/ dpdog [do! + dot]
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Extraction of transversity & Collins functions

»e’e” -> hy h, X BELLE Data

A _/-> Thrust axis method
A asymmetry

1 dge'l'e_—»hihgx

= Tdo) @1 dzpdeos0d(pr +92)

1 sin?# Y e AN Dy, g1 (21) AV Dy 1(22)
+ = ———= cos(py + a) 5 . .

8 14 cos*# > %aDhy/q(21) Dhyygl22)

Hadronic plane method

4
| sin? B Zq €q ﬂ‘MDm;qI (21) AN Dhgg‘qT (22)

Alz1.20.82.01) =14+ — cos(2 ¢
Lot =t T et T 5 2D, ) Do)
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Extraction of transversity & Collins functions

> To avoid acceptance effects the BELLE Collaboration considered ratio of
different combinations of hadron pairs:

Unlike-sign (m* m~+ m" m") > A" asymmetry

Like-sign(m™ "+ ™ m")

Unlike-sign (m* "+ m ") > AY asymmetry

Charged(m* m"+ m m +mW" M + m m")

UL uc UL uc
>AIZ A12 AO AO
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Parametrizations

»Gaussian parametrization of the unpolarized PDF & FF:

o—k3 /(k2)

m (k)

® fq/p(xakJ_) — fq/p(x)

P2y —0.25 Gev2  (p2) = 0.20 GeV?

79
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Parametrizations

»Parametrization of Transversity function:

(ze_kiKGgi}T

2y
s\ »\
Unpolarized PDF ~ Helicity PDF

o (aqg+Bqg)
N{ () = Ng a(1 — x)Pa (2atld) L7

N,, o, B free parameters
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Parametrizations

»Parametrization of the Collins function:

% A Dﬂ-/qT < PL — 2N ﬂ'/q < PL
o o ,}/ _|_ 6 ('Y+5)
O NG () = N§ 27(1—2)° 4750 Unpolarized FF
.2 2
oh(pL) = V2efpe L/ Mi vBound:

AND?T/QT (z':pJ_) < QDTT/(}(Z.? ’lfJ_)

vTorino vs Amsterdam notation

NC -
q Y., 61 Mh free par'ameTer'S ANDW/QT (Z,pL) = Zp—]\}HlL(Z,pL)
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2013 Update of the extraction™

»New analysis (PRD87, 2013):
sHERMES (2009) 1+ mt-
®COMPASS Deuteron (2004) m+ mt-

®COMPASS Proton (2013) m+ mt-
eBELLE A, or A, (BELLE ERRATUM 2012, PRD86)

»U and d quarks transversity, favored and disfavored Collins functions
» Two separate fits for A;, and A, sets
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Extraction of transversity & Collins functions

»FITI: A,, BELLE data UL & UC +COMPASS+ HERMES

0.2 | 1 . 0.05 L il 1
: | o %I | _
0.1 r T . < [ 1

.D =

0 [0.5<z,<0.7] [0.7<z4<1.0] 7 [0.5<z,<0.7] [0.7<z4<1.0]
0.2 1 1 ] 0.05 | 1
' ] Su -
E% 0 I

Or [0.2<2,<0.3] | [0.3<2<0.5] [0.2<2/<0.3] | [0.3<2,<0.5] |
02 04 06 0.8 02 04 06 0.8 02 04 06 08 02 04 06 0.8
Zy Zy Zo L

> Full compatibility between UL and UC, contrary to 2008 BELLE data
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Extraction of transversity & Collins functions

»FITI: A,, BELLE data UL & UC +COMPASS+ HERMES

UL

uL

027 ' ] 0.05 | ' ]
O f ]
r Do
0.1 | . | < % e
‘% | / 0+ 1 i
I I = I ]
0 [0.5<z,<0.7] T [0.7<z4<1.0] 1 [0.5<z,<0.7] [0.7<z4<1.0]
0.2 r 0.05 |
(&
B o [}
01 r <L [] ﬁEE_EE ]
: ) ! 3 ol lﬁ ___ _
0 [O. 2<Z1<0 3] 1 [0. 3-::21-::0 5] [0. 2<Z1<U 3] I [O. 3<Z1<0 5] ]

02 04 06 0.8 02 04 06 038

Zs

Zo

02 04 06 08 02 04 06 038

Zo

= Still tension between the two methods Ay and A,

Zy
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A

Slq_(¢n+¢s)

Al

Extraction of transversity & Collins functions

»FITTI: A, BELLE data UL & UC +COMPASS+ HERMES

COMPASS PROTON HERMES PROTON
0.1 F 1 1 ] 0.1} I I .
nt -
0.05 | LJ% + i ]l o005} 1 i { 1 ]
O l 1 b M% D i i P
-0.05 t t t } t } t t t -0.05 + t t t } } }
f . .
0 I T I . 0 I - -
_0_05_ “"N ! %‘E{%ﬁ%ﬁ | ] % i % f % _
0.1 F 1 T 1 01}
0.01 0.1 02 04 06 08 0.5 1 1.5 0 0.1 0.2 03 02 04 06 08 0.5 1
Xg Zh Pr[GeV] Xg z; P [GeV]

= Similar good description of HERMES and COMPASS

85




Extraction of transversity & Collins functions

»FIT I: A, BELLE data UL & UC +COMPASS+ HERMES

O.3_""""I e | 02 b L B I B
02 F 2041 GeV2 N [ Q%=2.41 GeV? !
£ o1b D
PR a 01} :
< 0 p———rrerr=rr-———- =
> r <
-0.1 F . N
0.1 F ~
% [ )
o 0 e o =
o 3 =
' i 01 F §
& 01 N =
* o2t 2013 —— | N
[ 2008 -----
_03 MR | R | ool _02
0.001 0.01 0.1 1 0O 02 04 06 08 1
X z
NI = 046757 NI = —1.00% 558
o= 111773 3= 36475750
. . . NE — ().4970-20 NC — 0pTo-38
> Results similar to 2008 extraction Radyirry- L iy

M7 = 150711 GeV?




Extraction of transversity & Collins functions

»FITII: Ay BELLE data UL & UC +COMPASS+ HERMES ???

FIT DATA SIDIS AYVE AUL AFE AF“
178 points | 146 points | 16 points | 16 points | 16 points | 16 points
Standard
Parameterization | x2,, = 135 | x? = 123 X2 =1 x> =5 YZ=44 | x* =39
X3¢ =080 NO FIT | NO FIT
Standard
Parameterization thot = 190 }(2 =125 }(2 = 20 XE =12 ;:,(2 = 35 )(2 =30
X3 0f = 1.12 NO FIT | NO FIT

= A, data cannot be nicely described even if fitted...
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Standard parametrization of the Collins function

»Parametrization of the z-dependent part of the Collins function:

ANDW/QT(z,pL) = 2N (2) h(p1) Dyyy(2,p1)

N () = Ng 27(1 - 2)° &

/

»It is equal to 0 at z=0 and z=1

Our standard parametrization
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New parametrization of the Collins function

»Let us try to change the parametrization of the z-dependent part
of the Collins function:

ANDW/QT(z,pL) = 2N (2) h(p1) Dyyy(2,p1)

NEW Polynomial parametrization

»It is equal to O at z=0 and equal to N, at z=1
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Extraction of transversity & Collins functions

»FIT III and IV: Polynomial Parametrization

FIT DATA | SIDIS AYE AYF AFE AF€C
178 points | 146 points | 16 points | 16 points | 16 points | 16 points
Standard
Parameterization | yv2,, = 135 | 2 = 123 =7 =5 Yi=44 Y2 =39
X3 ;=080 NO FIT | NO FIT
Standard
Parameterization | y,; = 190 | 2 =125 Y2 =20 Y2 =12 Y2 =35 2 =30
X0 = 1.12 NO FIT | NO FIT
Polynomial
. o 2 _ 19 2 4. 2 _ 2 _ - 2 4= 2 _
Parameterization | x50t = 136 | x° = 123 Y- =28 X" =5 Y- =45 Y- =39
3. =0.81 NO FIT | NO FIT
Polynomial
. o 2 4~ 2 _ 2 g, 2 _ 2 _ 4= 2 _ 1=
Parameterization | yi,. = 171 | ° = 141 X =44 | x" =27 Y- =15 Y- =15
Y3, =101 NO FIT | NO FIT
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Extraction of transversity & Collins functions

»FIT III and IV: Polynomial Parametrization

FIT DATA | SIDIS AYE AYF AFE AF€C
178 points | 146 points | 16 points | 16 points | 16 points | 16 points
Standard
Parameterization | yv2,, = 135 | 2 = 123 =7 =5 Yi=44 Y2 =39
Xa.0.¢ = 0.80 NO FIT | NO FIT
Standard
Par o 2 - 2 _ 1ox 2 o 2 2 _ o= 2 _ o
arameterization | xios = 190 | x* =125 | x* =20 | x* =12 x“ =35 Y- =30
X2 =1.12 NO FIT | NO FIT
Polynomial
. o 2 _ 19 2 4. 2 _ 2 _ = 2 4= 2 _
Parameterization | x50t = 136 | x° = 123 Y- =28 X" =5 Y- =45 Y- =39
Y. =081 NO FIT | NO FIT
Potyromniat
. o 2 4~ 2 _ 2 g, 2 o~ 2 _ 4= 2 _ 1=
Parameterization | yi,. = 171 | ° = 141 X =44 | " =27 Y- =15 Y- =15
Xd.of = 1.01 NO FIT | NO FIT

2> TIf we fit A, data we get the same description obtained with the std par.

= Almost identical Collins function, again the description of A, is not so good
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Extraction of transversity & Collins functions

»FIT III and IV: Polynomial Parametrization

FIT DATA | SIDIS AYE AYF AFE AF€C
178 points | 146 points | 16 points | 16 points | 16 points | 16 points
Standard
Parameterization | yv2,, = 135 | 2 = 123 =7 =5 Yi=44 Y2 =39
X3 ;=080 NO FIT | NO FIT
Standard
. o 2 - 2 _ 1or 2 2 2 _ o= 2 _
Parameterization | i, =190 | x* =125 | x* =20 | x° =12 x“ =35 Y- =30
X2 =1.12 NO FIT | NO FIT
Polynomial
. o 2 _ 19 2 4. 2 _ 2 _ = 2 4= 2 _
Parameterization | x50t = 136 | x° = 123 Y- =28 X" =5 Y- =45 Y- =39
Y3, =081 NO FIT | NO FIT
Polynomial
. o 2 4~ 2 _ 2 g, 2 _ 2 _ 4= 2 _ 1=
Parameterization | yi,. = 171 | ° = 141 X =44 | x" =27 Y- =15 Y- =15
Y3, =101 NO FIT | NO FIT

2> If we fit A, data we can improve their description
=> Still tension with A,
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Extraction of transversity & Collins functions

»FIT III and IV: Polynomial Parametrization

FIT DATA | SIDIS AYE AYF AFE AF€C
178 points | 146 points | 16 points | 16 points | 16 points | 16 points
Standard
. o 2 _ qor 2 _ 4 2 _ 2 _ = 2 _ g, 2 _
Parameterization | yior = 135 | x° = 123 X =7 X" =5 Y- =44 Y- =39
2 =080 NO FIT | NO FIT
Standard
. o 2 - 2 _ 1or 2 2 2 _ o= 2 _
Parameterization | i, =190 | x* =125 | x* =20 | x° =12 x“ =35 Y- =30
X2 =1.12 NO FIT | NO FIT
Polynomial
. o 2 _ 19 2 4. 2 _ 2 _ = 2 4= 2 _
Parameterization | x50t = 136 | x° = 123 Y- =28 X" =5 Y- =45 Y- =39
Y3 =081 NO FIT | NO FIT
Polynomial
. o 2 4~ 2 _ 2 g, 2 _ 2 _ 4= 2 _ 1=
Parameterization | yi,. = 171 | ° = 141 X =44 | x" =27 Y- =15 Y- =15
Y3, =101 NO FIT | NO FIT

>If we fit A,

data we can improve their description
=> Still tension with A,
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Extraction of transversity & Collins functions

»FITIV: Ay BELLE data UL & UC +COMPASS+ HERMES-POLYNOMTIAL

02

01 f
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< 01t
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e | !
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[O. 2<z1<0 3]
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[0. 3<Z1<0 5]
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2

= |
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2
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Extraction of transversity & Collins functions

»FITII vs FIT IV (POLYNOMIAL vs STD; FITTED A,)

x hy(x) Q%=2.41 GeV?

0.3 0.2 et
0.2 F g
53
- 0.1 = oot
0 z
0.1 F N
0
01 F -
0 Sy £
© 01 F ; ZD -0.1 F .
02k POLY 2013 —— < POLY 2013 _
STD 2013 —— | N .
03 i SR 0o L STID 2013 ——
0.001 0.01 0.1 1 '

0O 02 04 06 08 1
z

X

= Same transversity
=>Different Collins functions (but not dramatically different)
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BaBar Predictions

UL
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A2

uL
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The Sivers function
from SIDIS data
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Sivers function in SIDIS

»In 2009 we performed a fit of HERMES (2002-5) and

COMPASS (Deuteron 2003-4) data on 1 and K production

5 0.05 p
T vValence quark
T — N N\ ;;' /
N N
0.05 ‘ x .A fu/pT >0 ':>ff_Tu < O
o x=e Ld
I3 of— ; I3 o -"'_""_II'::_-.-.?:::Z::-- .A]\/—fd/pT <0 :>f1T > O
ST I N - B v'Sea quarks
I N /,,/_";',/- -
W U< N L5
A k=01 oA fsr >0 = fir <0
0 : -_:T.: — e
0.02 |- ' 0.2 -
0.02F 02t x=01
D T [T
AN (@) = [ d ki 4o ANF, i (e kL) = — fi5 (@)

0 02040608 1

X k| (GeV) 99
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Sivers function in SIDIS

»2009 extraction: DGLAP evolution (No TMD evolution), No COMPASS
proton data
»In 2012 we applied the Collins TMD evolution scheme to the analysis of
the new data from HERMES (2009) and from COMPASS (proton target, 2010-11)
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TMD evolution formalism

> The simplest version of the Collins TMD evolution equation
can be summarized by the following expression:

2 F(a.br: Q) = F(a.br: Qo) R(Q. Qu.br) exp {_QK(bT) " QQ}

0

Corresponding to Eq. 44 of Ref [*] with K=0 and : pr=(p=C(p=Q"

* [*]5. M. Aybat, J. C. Collins, J.-W. Qiu and T.C. Rogers, arXiv:1110.6428 [hep-ph]
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

S

(v, br: Q) = F(2,br3 Qo) R(Q, Qo, br) eXP{_QK(bT)IDA%}

Output function at the scale Q
in the impact parameter space

Input function at the scale Q
in the impact parameter space

Evolution kernel
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bTS Q) — ﬁ(ﬁ}, bT§ QO)(E(Q: QO? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel

103



TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

A\

Fla b Q) = F(x. bT,Qo)( (Qon,ij exp{—gK(bT)ln QQ}

0

»Perturbative part of the evolution kernel

,.,_, Ho Qq 2
R(Q,Qo.br) = exp {lﬂ—/ ﬁf Ve (1) / IM’YF (Ma %)}
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

A S\

In —=

F(z,br; Q) = F(x, by QU)E(Q,Qoaij eXp{_gK(bT) go}

»Perturbative part of the evolution kernel

o -nlnd L4 [T

2CF
2 &
il e ) = () (5—111—)

Vi (p) = as(p)
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bT? Q) — ﬁ(il?, bT§ QU)[E(Qa QU? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel

D i Qq 2
R(Q,Qo.br) = exp {lng T‘f%{m’) +/ o (u’ Q_)}

Scale that separates the perturbative region
from the non perturbative one
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(% bT? Q) — ﬁ(il?, bT§ QU)[E(Qv QUv ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel

- / “d ’
R(Q,Qo,br) = exp {lﬂ < —M,’}’K(Mf) + / —M’YF (Nv Q_2> }

QOQOM o M H

! One of the possible prescription
T

[y = ——— — (', = 2¢— & | Yoseparate the perturbative region
b (br) V07 from the non perturbative one
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

%N

F(CE’,bT,Q) — ﬁ(xabTﬁQU) E(Q:QOabT) eXp{

1

g (br) = 5 92

b

—

»Non Perturbative (scale independent) part of the evolution kernel
that needs to be empirically modeled

Common choice used in the
unpolarized DY data analyses
in the CSS formalism
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Parametrization ot the input functions

F(x,br; Q) {ﬁ(xa br: onﬁ(Q, Qo,br) exp {—QK(bT) [n QQ}

0

»Model/parametrization: Different parametrizations here can give
very different answers!

»Our approach: Let us apply our standard parametrizations i.e. gaussians
factorized among collinear and transverse degree of freedom.
It is not a unique choice or the best onel!
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Parametrization of the input functions

»TMD evolution equations using a gaussian model::

ﬁ]/p(xabT;Q) — fQ/p(xaQO) E(Q,QO,bT) eXp {_b% (&2 T 922 n go)}

Eh/q(’zﬂ ijQ) = %Dh/q(zaQO) E(QaQOabT) eXPp {_b% (/82 T .922 In 50)}

fi (e, br; Q) = =277 fiz(a; Qo) R(Q, Qo. br) br exp {_b% (””2 + 3 %)}
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Fit of HERMES and COMPASS SIDIS data

o N : dgta—"ta y |
> f dos dpy d* k1 ANy, (2, kL, Q) sin(p — ¢s) 02 Dg(2,p.1, Q) sin(¢n — ds)
qﬂl;gfﬁh —os) _ _4 - - -
) . dita—ta
Z/dﬁi’ﬂd(ﬁhdgﬁl fql.-‘p(‘r: kJ_aQ) sz D?(z:pl:QJ
q

11 free parameters

Nu, Na, Ns
AN Fogpr (@, k1 Qo) = 2Ny @)k ) fyppla ks Qo) ff | N N A
(ag + By) 5 S e Hoea
Ny(z) = Nga®a(l — z)Pa —L—H4 3 M, (GeV/e) .
k aq@!ﬁqq
(ki) =V2e J\—Z e~ FL/Ms Fixed parameters
~ 1 g2 k2
Farp (@515 Q0) = fuppl. Qo) v e A (k2) = 0.25 GeV?
. I 2, (p?) = 0.20 GeV?
: — pL/<pL> .
Dh/q(zapJ_: QO) Dh/q(za QO) W(pi) € gy = 0.68 GeVQ
Dmazr = 0.5 GeV ™!
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Fit of HERMES and COMPASS SIDIS data

o N : dgta—"ta y |
> f dos dpy d* k1 ANy, (2, kL, Q) sin(p — ¢s) 02 Dg(2,p.1, Q) sin(¢n — ds)
qﬂl;gfﬁh —os) _ _4 - - -
) . dita—ta
Z/dﬁi’ﬂd(ﬁhdgﬁl fql.-‘p(‘r: kJ_aQ) sz D?(z:pl:QJ
q

11 free parameters

Nu, Na, Ns
AN Fogpr (@, k1 Qo) = 2Ny @)k ) fyppla ks Qo) ff | N N A
(ag + By) 5 S e Hoea
Ny(z) = Nga®a(l — z)Pa —L—H4 3 M, (GeV/e) .
k aq@!ﬁqq
(ki) =V2e J\—Z e~ FL/Ms Fixed parameters
~ 1 g2 k2
Farp (@515 Q0) = fuppl. Qo) v e A (k2) = 0.25 GeV?
. I 2, (p?) = 0.20 GeV?
: — pL/<pL> .
Dh/q(zapJ_: QO) Dh/q(za QO) W(pi) € gy = 0.68 GeVQ
Dmazr = 0.5 GeV ™!
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Fit of HERMES and COMPASS SIDIS data

xz tables 11 free parameters, 261 points

TMD evolution (exact) DGLAP evolution

I Xt = 255.8] Y2, =315.6
dof = 1.02 X2, =1.26
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Fit of HERMES and COMPASS SIDIS data

x2 tables 11 free parameters, 261 points
TMD Evolution (Exact) DGLAP Evolution
Xiot = 255.8 Xt = 315.6
X.op = 1.02 X2o s = 1.26
o =107 7 point 2 =275
HERMES T\ . poinTs .1“ ‘
m Xz = 4.9 X: = 8.0
Xp,=9.1 X3, =225
2 2
X> = 6.7 9 points Yr = 29.2
COMPASS —
h' X: = 17.8 Y- = 16.6
Xp, =124 Xp, = 11.8
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ASL’JQ((D“_"’S)

Fit of HERMES and COMPASS SIDIS data

HERMES PROTON COMPASS PROTON

01 F

01}
T ' ht
0.05 } 0.05 |
| 2 |
£ |
cE
| =4 |
0 < 0
. [ <Q2> 127 155 183 217 282 434 775 105 205 T
005 —— TMD . -005F ——  TMD
| ----DbGLAP ' ' ---- DGLAP
0 0.1 0.2 0.3 0.01 0.1
XB XB
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xaN 1 (x) xaN 10 x)

xaN (%)

Sivers functions

SIVERS FUNCTION - DGLAP

0.12 F -
0.08 by,
0.04 |
0 ——— __ __ __ __
0.04 |
008 F ,
102 10
X
0.12 -
0.08 f d,
0.04 |
0 N
-0.04 | \/j ;
008 F ,
102 10!
X
0.04 b '
S
0 -
004 f .
102 10"
X

xAN 1) xaN 1) (x)

xaN 1 (x)

0.04

-0.04

0.04

-0.04

0.04

-0.04

SIVERS FUNCTION - TMD

0.12
_. 008 _
> >
= 004 =
o o
Zﬂ D =
% -0.04} k S
008 F , ;
102 107"
012 - :
. 008} d, ; .
> >
S 004} i =
S L7 :
x -0.04F ; <
008 F , ;
102 107
004 F ' ;
= s =
= 0 — <
=z =
<1 <]
> >
004 fF . ;
102 107

0.04

-0.04

0.04

-0.04

0.04

-0.04

—
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Aa'_rl‘_((bh‘(PS)

0.1

0.05

-0.05

COMPASS PROTON

(@

127 155 183 217 282 434 775 105 205

9,=0.68 GeV?, b, .,=0.5 GeV"
9,=0.20 GeV?, b, =1.5GeV"' ———-
DGLAP

0.01 0.1

0s)

’\/_

sin
ANI (¢

~N e \..’ - .
-0.05 } b TSR i
0.1} . -
4<M<9 GeV B
0<g<1 GeV
Plap=190 GeV
-0.15 .
DGLAP - - - -
9,=0.20 GeVi, Bra=1-5 GeV:: -———-
0 L g,=0.68 GeV”, by, =0.5 GeV’ .
-0.4 -0.2 0 0.2 0.4
XF
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XAN f(”(x)

0.12
0.08
0.04

-0.04
-0.08

Sivers functions
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Turin standard approach (DGLAP)

>Unpolarized TMDs are factorized in x and Kk, . Only the collinear part evolves

with DGLAP evolution equation. No evolution in the transverse momenta:

Collinear PDF (DGLAP evolution)

Normalized Gaussian: no evolution
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Turin standard approach (DGLAP)

> The Sivers function is factorized in x and k, and

proportional to the unpolarized PDF.

ANfoi (@, k13Q) = 2N, (@)h(ky)fyp(z, ki Q)

B ki e~ R/ ()s
— ( )fq/p('x Q)\/_A{1 7T<k72L>

Collinear PDF (DGLAP)

(g + B4) (20 t0a)

Ny(a) = Ngze(1 — )™ -
g By

-------------------------------------------------------------------------

]\4{12 <k2¢> : ;
M2 + (k%) EAqu/pT (v, k1) = —m—f1T(ﬂ?a ki)

(k1)s =




Collins TMD evolution of
the Sivers function (PRD85,2012)

Y . Vip - ! N
Flz (e brsp, Cr) = Fli 7 (2, brs po, Q3) nxp{ln L Kb pn) + f L} [?F(Q{;H}; 1)—1In o »}.-I{{g[lef]}}
M )

2o o '
iy fij'iir f(j.‘ . , 'II(I"
-|—_/';“ #Tlﬂ o v (gl ) — g (br)In o ( (44)
L Myby (1 diy dis ~gierer . - o
FHJ-_ I (. by 1“5(1-':' = Z J‘? - f %1 j_;cj?;j '(-«T«‘hﬂfz-. fh':.ﬁﬁ-. jin-.g(.flu]} TP'_;’,U’{TI , L, fip)
- LT
'\-'z t oy I 'h-'z ! i Sivers WV L
X exp {ln £ K(ba:pp) + f % [“:e}‘l[g{ji );1) —In ,} e (gl ]}]} X nxl}{—ﬂfﬁ;p z,br) — gr(br)In ({:P } .
m v M m Jo
(47)
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CSS formalism

1 do / d*bpetdr o

2
- W L1y ,b ; Y’zgf . 3
oo dQ?dydg?. ZFJ (21, 22,07, Q) + Y (21, 22,91, Q)

G i —

Resummed part Regular part
Wi(x1,x2,br, Q) = exp [S;(br, Q ]E Cji @ fi(x1,CT/b7) Cjp @ fr(xa, CF/b7)
Pdfs convoluted with the Wilson Coefficients
2 dz
[Cji ® fi](:ﬂ:fi' ) — - Cji(z Y, (Fi))ft(ﬂfz :U')

Cii(z o) = 6612 +Z( 2) e
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Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)



CSS formalism

1 d d*bre'r “T
g — f ¢ F [’V J‘l, o, by, Q) ‘|‘Y Ila T2, qr, Q

o0 dQEdydq% N '/ \

Resummed part Regular part

Wi(x1, z2,br, Q) = exp [Sj(br, Q ]Ecjt®fi 21, C7/b7) C51, @ fr(x2, CF/b7)
4
—

Sudakov factor  S;(br,Q) = /Qz dr” [Aj(ﬂ{s(f{)) In ((jz) + Bj(as(k ))}

. 2
cy/oz

oo n Leading Log (LL) : AY:
. g (n)
Ajla(p)) = Zl(g) Aj Next to LL (NLL) : A® p® ¢
~ Next to NLL (NNLL) : A® B® ¢®
Bila(w) = Y (52) B o 1) B A
j — \2r j Fixed order a (FX0O) : AV, BV, C
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Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)



CSS formalism

Evolution equations:

zS'Wj (1, 22, b, Q)

— [ff(hg*;.ﬁ) + C(Q/;.L]] Wj(xy, 22,br,Q)

d1n(Q?)
AK (b, 1
dK( ]1{;!‘; as(p) = —vi (as(p))
rﬂG(Qﬁ:L s (1) = i (as(p))

Ad1n(Q?)

OW;(xy, 22, br, Q) _ {_[Q dr” [Aj(f}.s{h'.))lll (_2) + Bj(qs(ﬁ})] }i-’l’}(:;:l,xg.,?nu(«?)

Sj (tij!'r1 Q)

I,{:’J (-T:l T2, 'I}T: Q} = exp [Sj (bT, Q)] I{{T (ﬂ:]_ s L2, !I}']"‘, C] /EI}T)
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Drell-Yan phenomenology

»Low energy data

E288 200 E288 300 E288 400 E605 R209
NE 19.4 GeV 23.8 GeV 274 GeV 38.8 GeV 62 GeV
Epeam 200 GeV 300 GeV 400 GeV 800 GeV -
Beam/Target p Cu p Cu p Cu p Cu PP
Q range 4-9 GeV | 4-9; 11-12 GeV | 5-9; 11-14 GeV | 4-9; 10.5-18 GeV | 5-8; 11-25 GeV
Other kin. var y=0.4 y=0.21 y=0.03 01 <xzp <02
Observable | Ed3c/d3p Eddc/d*p Ed*c/d*p Ed3c/d®p do /dg

34
10 T T - T T T - T T T - T
E288 pN E;= 200 GeV, V=19.4 GeV, y=0.4 E288 pN E;= 300 GeV, V=23.8 GeV, y=0.21 E288 pN Ej= 400 GeV, v=27.4 GeV, y=0.03
10 | . . - - L, ¥ 1
* 0, x . * N . ® o= - "
36 = = . = = = - ES N =
1038 | x ) - [« =« LT . . . . T : LI : o, 1
S - % = = * x
N; e = . . x z . . 1 o o T o Y : . . z . - f . . f f = . : " N .
o 107 o o £ ¥ B o =y I 3w ., B, I
] o o 2 4 I i ¥ i " u B D o ¥ - u - s : =
NE‘ 108 f i T ¥ T3 ] ; g 2 % .y o
L - - | n
O, I i W i g @ i T I f ! | s
o TR R & SRR T
S 10 ¢ I T | - R I Peos ] I
[ I O T o1 . L]
o [ LS S - 3
40 I | . Lz ; Lod
w 10 r AMSB GV —— | | | 3 4MSB GV — — | ) 5eM<B GOV — —x- —1 + i
B<M<B GaV  — —x-— 1 | | 5<M<B GV  — —x — BT GeV  — —# —1 B L |
-41 M7 GV — —% —1 : } B<M<7 GeV b —% —1 T<M<BGeV ——3F—1 1
10 I T<M<B8GeV H —B-—1 | | I T<M<BGaV ——3 —1 ¥ B<h<0 GeV  — —m- —1 7
8M<0GaV +——B— : } 8<M<0GeV - —I- —{ 11<M<12 GeV
10—42 L : } L 11<M<12 GeV - 12<M<13 GV +— —8- —1 i
| | 13M<14 GeV — —é— —|
L 1 L P L 1 L L L L
0 0.5 1 1.5 2 0 0.5 1 1.5 0 0.5 1 1.5
qr [GeV] qr [GeV] ar [GeV]

> The P distribution seems to be Gaussian....
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Drell-Yan phenomenology

> Are data distributed as a Gaussian? Do data scale as 1/M2+DGLAP+KIN

do

PNosp® p= X
5 JT=0.22
-—--1 acp
—+—f <k2>:0.59 (Gevre)

/‘l <p2> [(Gevre))
I
N
Ox 0 [

OMEGA
CFS
I . CFS (CORRECTED)
;’:-/ R209 (ISR}
| | 1 | | 1 1 1 1 |
400 800 1200 1800 2000 2400 2800 3200 3600 4000
s (GeV?)

FIG. 3. {ps?) vs s for dimuons produced in p-nucleon in-
teractions. The solid curve is the linear fit to the data. The
dashed and dot-dash curves are the predictions of first-order
QCD using the Altarelli et al. prescription for different values
of A.

exp(—P7./(P7))

aem a
@O(W;fqﬁhl(ml)quh2(m2) W(P%)

K> = @) § (7o, @)+ .

Cox and Malhotra,Phys. Rev. D29(1984)
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TMD evolution

TMD in the b space:

- dy ~
F(x,br, Q, Cr) Z/ —Cm (/Y b s 113) £ (Y5 1)

exp {ln ( \/TF) K (by, ) + fj df*‘rp(&; 1) —In ( \/?F) m’(ﬁ)}

Hb | b
exp {_QP(-T:: b}~ gk (br)In ( Ver ) }
CFo

Related to the evolution in the cut of f parameter of the TMD:

d InF(x, bru, {r)

0 In\/Zr

= K(bs; )

However.... at first order in the strong coupling constant:

K(p,by) = _asp) In(p2b2,/C%) it py = C1 /b, K(by, j1y) = 0

T
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Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




TMD evolution

TMD in the b space:

- dy ~
F(x,br,Q.(r) Z/ ~ Crrs(@/y:bes o 1) f5 (. o)

exp {ln ( \/TF) K (ba, ) + ff df*‘rp(&; .l) —In ( \/?F) m’(ﬁ)}

b )

VG

exp {—gp(m: br) — gk (br)In

Second part of the part of the Sudakov form factor, notice that depends on CF

C 3
V(s Cr/i?) = as(p)— (§ —In (Ci))
T T
at order ay:
(1)

‘X
vk (1) = 2CF
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Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 114042




CSS formalism

Intrinsic Soft gluons Matching region Fixed Order QCD

G« Q
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CSS Phenomenology

Parameter DWS-G fit LY-G fit BLNY fit
g 0.016 0.02 0.21
25 0.54 0.55 0.68
23 0.00 -1.50 -0.60
CDF Z Run-0 1.00 1.00 1.00
N (fixed) (fixed) (fixed)
Nadolsky et al. Analyzed low energy R209 102 101 0.86
. N it
DY data and Z boson production data !
. . . . E605 1.15 1.07 1.00
Using different parametrizations Ny
E288 1.23 1.28 1.19
N_fr'r
DO Z Run-1 1.01 1.01 1.00
Niis
CDF Z Run-1 0.89 0.90 0.89
Nfr'r
X2 416 407 176
x*/DOF 3.47 3.42 1.48

b,..=0.5 GeV !
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TMD evolution

. br
Collins suggest that: (p = Q” b, = py = Cq /b,
\/1 _’_ b%ﬂ/bi‘%lﬂl’-

ﬁ(.’}?, ng (2, CF = (22) = Z f ( _r‘__-'_r;_ b, . L. ,;- ) ," LY. ) EX}’J[SRA(T((}*: (92)]17‘.-‘\,-*{)(;{:? f?}"_f', (,2)

It can be show easily that at first order in the strong coupling constant:

Q 7. N [e 2
SRAC,({’JT,QE) = OF/ O:: QS(hJ) {i — In (Q—)} =

f 2
" 7y 2 K

Scss(br, Q)

BD | =

TMD evolution is more general than CSS which is a particular case of the TMD one
Previous studies performed with CSS are still valid!
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EIKV phenomenology

Z and W-Boson Production

~ 2500 -
= [ S 800 ~ 008
< i p+p Vs=1.8 TeV o - p+p Vs=1.8 TeV g p+p Vs=7 TeV
2 2000 [ - < L e
e C e DOw 3_ 600 — e CDF Zmn 1 £ 006 F ¢ CMSZz
<) = - o0 DOZ 3 i
S 1500 [ I b i
r 400 = 0.04 |- [ ]
1000 I [ s
C 00 o .
500 |- 200 1 0.02 .
0 | | | | 0 _I | L | 0 | | | |
0 5 10 15 20 5 10 15 20 0 5 10 15 20
pr (GeV) py (GeV) pp (GeV)

MSTW2008 PDF
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Edo/d’p (pb/GeV?)

Edo/d’p (pb/GeV?)
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10
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EIKV phenomenology

Low energy Drell-Yan

E288 Vs=19.4 GeV

0 02 04 06 08 1 12 14
pr (GeV)
3 E288 Vs=27.4 GeV

Edo/d’p (pb/GeV?)

/_

Edo/d’p (pb/GeV?)

10

10

10

10

—
[==]

2

I‘I
S [T

E288 Vs=23.8 GeV

|

5 oionnn ] EKS98 Cu PDF

0 02

04 06 08 1 12 14
pr (GeV)
i E605 Vs=38.8 GeV
[
] [}

]

v v b b v by s
02 04 06 08 1
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