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Phenomenology with Gaussian Models
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Gaussian approach

»Why Gaussians?
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»>Low transverse momentum distributions are Gaussian!
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Gaussian approach

»Step 1. Simple phenomenological ansatz

L2
e_ <k2l> Factorization of longitudinal and
. N2\ . N2 .
f(:l:, kiL:Q ) — f(:l:, Q ) 5 > ’rr'ansv'er'se' degree; of freedom;
7T<k J_> Gaussian distribution of transverse momentum

»Step 2: The TMD cross section is given by the product of the born cross section
and the convolution of the "TMD" PDFs:

exp(—P7/(P7))
m(PZ)

do AT o,

[' APz = 9Q?

In this way the distribution in P
is just a Guassian!

Z e fo/ni (21: Q%) fo/ny (22; Q%)
q

>For pp or pN scattering we just have: <P%> — 2<ki>
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Gaussian approach
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Gaussian approach: SIDIS

» Simple phenomenological ansatz
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kg

(k2)

f(’LkJ_,Qz) = f(,’;C;Qz)e_ - thq(zapJ_;Qg) - DFLXQ(Z;QQ) J

(k)

o—P2/(P2)

m(Pf)

fyu = Z 6621 fa/p(®5) Dpyq(zn)
q

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

M
)
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Fyu =Y €2 fo/p(x5) Dnyq(zn)
q
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Gaussian approach: SIDIS
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Fyu =Y €2 fo/p(x5) Dnyq(zn)
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Gaussian approach: SIDIS
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Gaussian approach: SIDIS

2 e~ Fr/(Pr) 2 2 2,72
Fyu = Z ey fo/p(T5) Dpyq(2n) (P2 (Pr) = (p1) + z,(k7)
q

@ COMPASS has already published pgf dependent multiplicities from 2004 data in EPJC 73 (2013) 2531

@ However, issues in this analysis were detected, which can affect the overall x, y, z normalization of

multiplicities up to 40%, but the shape as a function of pQT are not significantly affected. Erratum in
preparation

M. Stolarski (LIP)
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Sivers function
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Gaussian approach and evolution (Sivers)

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

proportional to the unpolarized PDF.

AN foppr (@ k15Q) = 2N @R o k15 Q)
= 2Ny(@) fop(a Q)\/_Ele ;g;m
Collinear PDF (DGLAP)
No(a) = Ny (1 — e L ff@;“””
O R o




Fit of HERMES and COMPASS SIDIS data

»Data sefts: N,, = 0.45%23
AT - 0.85
SHERMES (2009) 1+ - 1° K+ K- Na, = =100
Nz = —0.037037
®COMPASS Deuteron (2004) m+ m- K+ K- |
Nj=—04710%

®COMPASS Proton (2011) h+ h-
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2 _
XdOf o 1. 26 vy, = 1.087005

—0.62

11 free parameters, 261 points
(k) = 0.25 GeV? e = 120255
J_ —_— . x

fixed parameters ‘" o
P (p7) = 0.20 GeV? 3 —6otod

As in Anselmino et al. Phys. Rev. D71 074006 (2005) V2 = 0.19%077 (GeV /)2
My =U.19 010

Anselmino, Boglione, Melis, Phys.Rev. D86 (2012) 014028
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Fit of HERMES and COMPASS SIDIS data

A. Airapetian et al., Phys. Rev. Lett. 103, 152002 (2009), arXiv:0906.3918 [hep-ex]
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Fit of HERMES and COMPASS SIDIS data

COMPASS PROTON - DGLAP
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Fit of HERMES and COMPASS SIDIS data

COMPASS PROTON - DGLAP
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Transversity and Collins function
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Extraction of transversity & Collins functions

» Azimuthal asymmetry in polarized SIDIS (Transversity & Collins functions)

»e’e” -> hy h, X (Collins functions)

/ Thrust axis method
A, asymmetry

A, asymmetry ——

Hadronic plane method

18




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 ") P AY asymmetry

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

UL uc UL uc
>AIZ A12 AO AO

19



Gaussian parametrizations

» Transversity function:

| oKL/ )
Arq(w, k1) = §Ng(1:) [fq/iﬂ( r) + Aq( i)] (Lﬁ)
> Collins function:
ANDW/QT(ZJPJ_) - ZN-:?(Z) h(pJ_)Dﬂfq(zakJ_)
p 2 E_Fi_)
= NC(z )\/— L = —p1/M¢ ) Dy /q(2)
1
o (aqg+B8q)
./\/;F(aj) — NC;F r®a(1 aj)Bq ( quBaq) 5(2 -
ag - Bg
c c 5 (v + ) ) 2
q (Z) — Nq ny(l o Z) 7765 ANl)w/qT (vaJ_) — Zp_]\}HlL(zapJ_)
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2013 Update of the extraction

»New analysis (PRD87, 2013):

eHERMES (2009) 1+ Tt-
®COMPASS Deuteron (2004) m+ mt-

®COMPASS Proton (2013) mt+ 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

Anselmino et al. Phys. Rev. D87,094019

T
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Extraction of transversity & Collins functions

>FITI: A,, BELLE data UL & UC +COMPASS+ HERMES
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> Full compatibility between UL and UC, contrary to 2008 BELLE data
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Extraction of transversity & Collins functions

=i

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

02|

0.1 |

02 [

0.1 |

\

[0.7<z4<1.0] 1

[0. 2<z1<0 3] 1

[0. 3<Z1<0 5]

02 04 06 0.8 02 04 06 0.8

Zs

Zo

uc

uc

0.05

0.05

[0. 2<z1<0 3] I

[O. 3<Z1-=:0 5] ]

02 04 06 08 02 04 06 038

Zo

= Still tension between the two methods A, and A,

=

Zy

23



Ej'q_@nﬂps)

A

5'?_(¢n+¢5)

Al

Extraction of transversity & Collins functions

>FITI: A,, BELLE data UL & UC +COMPASS+ HERMES
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> Similar good description of HERMES and COMPASS
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Extraction of transversity & Collins functions

>FITI: A,, BELLE data UL & UC +COMPASS+ HERMES
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Conclusions I

» Gaussian models are able to describe the main futures of the data
» They are simple to understand

» They are an amazing tool to discover problems in the data sets

> But...

L
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Predictive power of Gaussian Models
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»Each data set is Gaussian but with a different width
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High energy data

> Are high energy data Gaussian distributed?

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

% CDF Run I /_ Clearly it is not a Gaussian tail.

5 % -
€ \ %ﬁ |
° K
ﬁﬁ J
ﬁ%ﬁ}%
Holggggy
° 0 5 10 15 20 25
dr [GeV]
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High energy data

» Are high energy data Gaussian distributed?

do (P22
ﬁ > ﬂﬁ foi‘/hl 1) fq/hz(iﬁz)e p(ﬂ(;i?{; )

/— 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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Collinear Resummation: CSS

»Resummation: CSS

1 do dngeiQT'bT 5
= Wiz, 22, by, Y j
oo dQ?dydg>. / (27)2 ;F; (1, 22,07, Q) + Y (21, 22,97, Q)
Soft gluon emissions resummed in b-space Regular part

Wj(a1, 22,67, Q) = > exp[S;(be, Q)) [Csi @ fi (wr,10) | Ot @ fi (w2 ) | Fvp(ar,2,b7,Q)

'J

Q" k2 2 br ,
5i0m.@) = [ o e (L) + Blaw)| b= T =G/
Brock-Landry- o Q . 7
Nadolsky-Yuan (BLNY) CXp —&aln| 5= 200 —8183In(100x,x,) |5

C1 = 2exp(—7g) Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985) 30
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CSS Phenomenology

Nadolsky et al.* analyzed successfully
low energy DY data and Z_ production data

using different parametrizations

0.03

2
J aty

pb GeV~
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3
gt
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0.1

E288 Data ----- Normalized BLNY Fit

Data
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S T I ————

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

800 [
700 F
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500 -
400 :"
300
200

100 3

CDF Z Run 1

Data
Normalized LY-G Fit

— — Normalized DWS-G Fit

MNormalized BLNY Fit
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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 ba o, 1) f5(y 10)

Q e
exp {111( 'I ) (Dsy i) +/ dﬁ; — 111( EF) TK(H,)}
1p, <

exp{ gp(x,br) — g (br)In

New scale g related to rapidity divergences

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, {]4042
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CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

Z}T
= ( 2 b* = Kb = Crl/b*
CF 9 \/1 )T/b?nul

» And previous expression simplify considerably, at NLL:

(I II)T,Q Cj"‘ = Zcf/j U:h*:ﬁ‘:b:iib) ®fj(U:fib)

exp { 58655(?}* , p:b)}

Roughly speaking the TMD evolution ‘/exp {_qp (z,br) — gx (br) In (Qg) }
.. ‘ 5

reduces to a CSS resummation.
CSS results can be used to study TMDs.

33



€SS/TMD evolution and
HERMES/COMPASS data

»CSS (and therefore TMD evolution) can describe DY data
»What about HERMES/COMPASS SIDIS data?

34



CSé/TMD evolution and
HERMES/COMPASS data

»CSS (and therefore TMD evolution) can describe DY data
»What about HERMES/COMPASS SIDIS data?

o« 10
>
2 o HERMES
- . L Pmtou T
FJC.-' T T—
- L]
ﬁ 1 B - \\'
> \
- L
—_________—_—_ ™ \
1 o ¢ . e
10 F —
- (xy)=0.117 .
(QH=2.45 GeV>
| | | L |

BN

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

»Global Fit DY+SIDIS

»TMD evolution

> Wilson Coefficient at LO

»No full multidimensional data analysis
»No X°provided
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CSé/TMD evolution and
HERMES/COMPASS data

»CSS (and therefore TMD evolution) can describe DY data
»What about HERMES/COMPASS SIDIS data?
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CSé/TMD evolution and
HERMES/COMPASS data

»CSS (and therefore TMD evolution) can describe DY data

»>What about HERMES/COMPASS SIDIS data?
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»CSS evolution
»HERMES NLL-NLO fit S. Melis

BN
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€SS/TMD evolution and
HERMES/COMPASS data

»CSS (and therefore TMD evolution) can describe DY data
»What about HERMES/COMPASS SIDIS data?

... conclusion: the situation is still unclear
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CSS/TMD evolution and
Sivers asymmetry

»How TMD evolution describes the Sivers asymmetry in SIDIS?

COMPASS Proton
£ = O1F . - -
< ek h . Echevarria, Idilbi, Kang, Vitev
I Sy ML S T . Phys .Rev. D89 (2014) 074013
0.05 : :
" -0.1 | Ll .......i_....|‘...|....\... ................
55 000'; . > TMD evolution
. _;M'{ﬁ ey T I el > Wilson Coefficient at LO
> =13
-01 :_. anl n Lol ||-_| L1 L L L1 o
10-3 10-1 0.25 0.5 0.75 1 0.2 0.4 0.6 0.8
X, z, P, (GeV)
sin(dy, — b [~ . _
Fn(on=o:) = /O db b I (Prib/z) Y 2Ty r(ep. 2p.¢/bs)Dyyglzn. c/bs)
q

Q* 2
X exp { / G’,U; (4 In Q_ + B) } exp {_bQ (QEE snerq L goln 2) }
c2/p2 p? Qo
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€SS/TMD evolution and
Sivers asymmetry

»How TMD evolution describes the Sivers asymmetry in SIDIS?

sin(t.-
AUT(q}h dg)

sin(y, -
AUT(q}h dg)

0.15F
01}
0.05 F

-0.05
01}
-0.15F

0.15F
01F
0.05

-0.05 |
-0.1F
-0.15 F

COMPASS PROTON - TMD

0.01 0.1 02 04 06 08 05 1 15
Xg zZy, Pt [GeV]

F(a,bp; Q) = F(2.by: Qo) R(Q,

F(a,br, Qo, Q5) = f(x, Qo) exp {—

T

Anselmino, Boglione, Melis
Phys .Rev. D86 (2012) 014028

> TMD evolution

»Wilson Coefficient at LO

»No Sudakov at the initial scale
> v?=1.02

eXp (]K bT 111—}
k2 >b ]
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CSS/TMD evolution and
Sivers asymmetry

»How TMD evolution describes the Sivers asymmetry in SIDIS?

= 2
=
B
&
“'\—I

0.06
0.05
0.04
0.03
0.02

0.0

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IL;-BI-

-0.01

COMPASS

e hj‘-q

*””T’Ti :

?u+p—>h+

swers(QU

107 X

ZA/‘,wers(,L L)q(Z)e_(gn_gs)bz—gthZi

LI

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

»TMD?? ad hoc Sudakov
> v?=1.08

0 di - 212
Ssua = 2Cr dT‘u (/) [ln (_—) + In Q(_’f %]
Q M T M Co
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Sivers
A

€55/ TMD evolution and
Sivers asymmetry

XB
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CSS/TMD evolution and
Transversity

»Extraction of transversity function using TMD evolution

()
x h,(x,Q%) -H (2,Q)
0.2~ Qi=lOCte\'2 \ 0.04 _fav Q*=10 GeV? )
= Q= 1000 GeV 000 Kang, Prokudin, Sun and Yuan
01 | Arxiv:1410.4877
0
0 0
g
-0.051 -0.02
, 1 db b? P, b (SIDIS)
-0.04-%" Frirr = — J ,—SpT(Q.b:) = S\p conr (@:0)
o o vt zzgj(zw) 1( o )E
0 02 04 06 08 1 0 02 04 06 08 1 . ; - ~,(SIDIS (3
z . x 0Cqei ® hy(zp. m) OC2D @ HY (2. m). (2)
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CSS/TMD evolution and
Transversity

»Extraction of transversity function using TMD evolution

x hy(x) Q°=2.4 GeV?

0.3 e
0.2 F Kang, Prokudin, Sun and Yuan
0.1 E Arxiv:1410.4877
3
0
-01 F
4 ; 2 “
1 dbb PhJ_b Sy _ (SIDIS)
Frr — — 7 —SpT(Q,bs)—Sp o (Q.D)
01 ¢ vr 222/(271‘) 1( Zh )E et
0 | 1 Vo (- c
o W X 0Cq; @ Wi (xp, ) "CE?S)®H£%(zh-“b)'(2)
-01 F -

-0.2 F Anselmino et al. 2013 --------- ]
_Kangetal 2014 —— .

-0.3

0.001

0.01

0.1
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S

Conclusions IT

»TMD/CSS evolution describes DY data
»SIDIS (low energy) data difficult to fit
» Sivers asymmetries still Yo be understood

»Preliminary results on transversity extracted usingTMD
evolution compatible with other extractions...

> ... There are also other methods/approaches/prescriptions
related to TMD evolution
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Alternative evolution equation

:l:“(:r br, Q. (r = Q%) — exp /Q” dk
F(x,br,Qo,(ro = Qn) '

Qo M
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) €XPp [_QK(E’T)IH (Q/Qﬂ)]

Output func\D (Inpu’r function

Notice that:

:{#(JJ'JJT,Q,CF) _ mfl(mabT:QaCF) _ }}‘(:ﬂ:bTaQ:CF)
(2, br, Qo,Cro)  fi(x,br,Qou,Cro)  F(x,br,Qo,Cro)

Aybat, Collins, Qiu, Rogers, Phys. Rev. D85, 034043 (2012) 48



Alternative evolution equation

:l:“(:r br, Q. (r = Q%) — exp /Q” dk
F(x,br,Qo,(ro = Qn) '

Qo M
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) €XPp [_QK(E’T)IH (Q/Qﬂ)]

Output func\D (Inpu’r function

Notice that:

:{#(JJ'JJT,Q,CF) _ mfl(mabT:QaCF) _ }}‘(:ﬂ:bTaQ:CF)
(2, br, Qo,Cro)  fi(x,br,Qou,Cro)  F(x,br,Qo,Cro)

Aybat, Collins, Qiu, Rogers, Phys. Rev. D85, 034043 (2012) 49



EIKV phenomenology

»TMD evolution in the CSS-like version

(f 'J)T:Q CF_ Zcf/j Uah*a.uba.ub)gjfj(r;":”b)

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

exp{ gr(z, JJT)W‘(’)T)IH(&)}

» 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 {—b% ( pdf | 72 ln(Q/QU)H

Fp(br, Q) = exp |6 (9f + £ 1n(Q/Q))|

I ————

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

>Fit DY data and SIDIS data....

[=]
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o
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S I ——————

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



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_ \\ - 5
10 F . . i . ;
= . _1
- ‘\4 10 s
[ (xg) =0.117 E (xg) = 0.117 .

(Q*=2.45 GeV* (Q")=2.45 GeV”
10 Eov b b b b b I AN E AT S A ST AT AT S A SN AT AT S AT A AN AN SN
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0 01 02 03 04 05 06
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MSTW2008 PDF and DSS

Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074613



EIKV phenomenology

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

J—
=]

._.
|

dN/dz d°py (GeV™)
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Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074013
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TMD evolution modelling
Rogers & Aybat

F(z,bp; Q) = F(x,br; Qo) R(Q, Qo, br) eXp{—gK(bT)ln%}
. .2 .
151(113j bT, Q(], Qg) = f(.’L‘, QO) exp {_ (ki_) b%{| Q‘KUJT) = Eggb% 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) ]

on the above formula w0 ————
. ks = 3

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

[ ) S E

B 11 < @ < 12 (GeV) _T‘:——_‘r_:——__ﬁif
C f—_‘*————‘—_L ]
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 (3013)



AITerﬁaTive 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),

Fuy(Qo. b) = Zé’?}.f'q(-x& pr=0Q0)Dy(zp p= Qg)e 8 ~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

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (8813)



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

I ————

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (8613)



Multiplicity

10°

—_
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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)
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Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (3013)
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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
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Lol 3 | o
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C ~ - : : :
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Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (8013)
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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)
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fi_\; 5<Q<6(GeV) ]
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E288

E288

= Roger-Aybat
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Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (3913)



The Sivers function
from SIDIS data
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Sivers phenomenology

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

ﬁ(-ﬁ‘f bT; Q) = ﬁ(l‘ bT; Q()) E(Q Q(), bT) exp {_QK(bT) In 2}

)’J

Qo

y

B 2 1 .
P, br, Qo, Q2) = f(, Qo) exp { a 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 61



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

Anselmino, Boglione, Melis Phys.Rev. D86 (2012) 014028



» Aybat-Roger-Prokudin: TMD EVO IO

Sivers phenomenology

» Anselmino-Boglione-Melis: Gaussian

» Anselmino-Boglione-Melis: TMD EVO IO FIT

HERMES PROTON

No FIT Qual. OK
FIT v°=1.26

v°=1.02

COMPASS PROTON
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0.05 |
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-0.05 |
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01F

0.05 |
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0
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0.2

0.3

005 F —— TMD
---- DGLAP

0.01 0.1
X

Anselmino, Boglione, Melis Phys.Rev. D86 (2012) 014028
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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 x°=1.08

swers(Q[} b) Ib Zé’ A[‘,wers(,‘ 1) ¢~ (8080~ gub*/7; Ssua = 2Cr ;}d; - ;ﬂ)[ n(#z) +In Qf_};z ;]
Sy
0:045_ H+p— h+X 0.06 ;_HERMES } l
008 _ COMPASS \l 0.04 — }/H/{—J\
002 0'02;_ }L/'L/FJ*
0'015_ o -OOZ:— } {' e+po1T+X I

°F o |

B T

BN

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (3013)



Sivers phenomenology

> Aybat-Roger-Prokudin: TMD EVO I0 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

f (l]b bgjl(Ph_Lb/:h) Z &"g 'Tq‘p(;l‘-B. Irg. C/b*)thq(:h. (/b*}
0

q

Q2 2 . . (
X exp 4 — el 'Lf Aln —Q_ +B) Yexp{d —b? [ ¢+ ¢V £+ g9 In @
2 2 1 1
2 /b2 Iz Qo

Fs};(%—%) :i

IR

Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074013
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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 v°=1.08
»EIKV: TMD Evo ala €SS+ Cat LO FIT v?=1.3
et { 3 3 O ;:I--:..-;—i{ h!tl —i—\i____i = ¥
S T e Y S e
{OOZ' n;/;}’:‘f“ 3 :/Vz/‘/rr{ e oo— F
Ojﬁt 10'2I | 10‘1 o 025 | IO.SI | 075 | Il IO.-_“-I | I0.4‘ p}iG(Ge\(_))S

T

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

» Aybat-Roger-Prokudin: TMD EVO IO

» Anselmino-Boglione-Melis: Gaussian

» Anselmino-Boglione-Melis: TMD EVO IO

»Sun-Yuan: TMD EVO IO+ Modified Sudakov

»EIKV: TMD Evo a la €SS+ C at LO

T

No FIT
FIT
FIT

FIT

FIT

Qual. OK
v?=1.26
v°=1.02

v°=1.08

v°=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 ?’s\z;::’mly) Mﬁfﬁ;‘:\""g‘;g‘:;gy
» 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

68
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Unpolarized phenomenology

Can these methods
describe unpolarized processes?

SIDIS DY
» Aybat-Roger-Prokudin: TMD EVO IO No No
Mayb Maybe |
> Anselmino-Boglione-Melis: Gaussian (sza:’mly) I\C;Z ;gzweizcsgsy
No No

» Anselmino-Boglione-Melis: TMD EVO IO

[ No Hermes Yes low energy
> - :
Sun-Yuan: TMD EVO IO+ Modified Sudakov VES/Maybe COMPASS  No High energy

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

YES/Maybe COMPASS ~ 7ES

> This is a comparison list!
There other works related
to the unpolarized processes!

L
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Yuan-Sun phenomenolgy

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

~ b M o s s

f*gms(Qo, b) = JZ_ ZE%A./?“E”‘ ){)Dq(z)g (80— 8&s)b"—gnb~/z;
q

AL N ) o {ﬂ'q+5q)“’fr+ﬁq -

A0 = Nyeon(1 = )8 B

N

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=20.023 0.81 £0.16 4.0=% 1.2 0.062 £ 0.005 X /d. O. f — l . ()8
d =0.27 £0.12 1.41 =0.28 4.0=% 1.2 0.062 £ 0.005
K 0.07=0.06 058 =039 40=%1.2 0.062 £0.005
i —0.07 £0.05 0.58 £0.39 4.0=x 1.2 0.062 £ 0.005
d —0.19 £0.12 0.58 £0.39 4.0= 1.2 0.062 = 0.005
0-061 A5 0.08 |- Pl
005:— uT - At e+p— 1+ X
g urp— M+ X 0.06 "HERMES F
0.04 -
= 0.04 |- % {
- 0.02H
0.02[ i +
- I ol )
0.011 - e+po>1T+X J'
= -0.02|- } ‘
0.01F -0.04]-
—||\\| | IIII\I\‘ | \I\I‘I\I\‘\\\\'\I\I‘I\I\'\I\\
102 107 X 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)



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)

Alz1,20.00.01) =1+ — cos(2 @
Lot =t T et T 5 2D, ) Do)
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Parametrizations

»Gaussian parametrization of the unpolarized PDF & FF:

o—k3 /(k2)

m (k)

® fq/p(xakJ_) — fq/p(x)

P2y =025 Gev2 () = 0.20 GeV?

[*] Anselmino et al. Phys. Rev. D71 074006 (20Q5)
Y



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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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 | y2,, = 135 | y? =123 Y2 =17 Y2 =5 2 =44 2 =39
X0 = 0.80 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 | y2,; = 190 | 2 =125 | 2 =20 | y2 =12 Y2 =35 2 =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
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
Xa0t = 0.80 NO FIT | NO FIT
Standard
. o 2 - 2 _ 1or 2 o 2 2 _ o= 2 _ o
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
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
Y3, =101 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
Xa.0.¢ = 0.80 NO FIT | NO FIT
Standard
Parameterization | y2,; = 190 | 2 =125 | 2 =20 | y2 =12 Y2 =35 2 =30
X2 =1.12 NO FIT | NO FIT
Polynomial
Par o 2 _ 19 2 4. 2 _ 2 _ = 2 4= 2 _
arameterization | Y50 = 136 | x° = 123 Y- =28 X" =5 Y- =45 Y- =39
Yi.:e=081 NO FIT | NO FIT
Polynomial
Par o 2 4~ 2 _ o, 2 g, 2 _ 2 _ 4= 2 _ 1=
arameterization | yior = 171 | x° = 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
Parameterization | yv2,, = 135 | 2 = 123 =7 =5 Yi=44 Y2 =39
2 =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
Parameterization | y2o, = 136 | 2 = 123 =38 =5 =145 2 =39
Y3 =081 NO FIT | NO FIT
Polynomial

Parameterization | yv2,, = 171 | 2 = 141 =44 | 2=21 =15 =15
Xd.of = 1.01 NO FIT | NO FIT

2> If we fit A, data we can improve their description
=> Still tension with A,




Extraction of transversity & Collins functions

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

uL
0

uL
0

uL
AWZ

\

uL
A12

i\

02

01 |

02

01 f

0.2

0.1

0.2

01

%/

[0.5<z4<0.7] T

[0.7<z4<1.0] ]

[0. 2<z1<0 3] [

[0. 3<Z1<0 5]

02 04 06 0.8 02 04 06 08

2

Zy

[0.5<z4<0.7] T

[0.7<z4<1.0] ]

[0. 2<z1<0 3] 1

1\

[0. 3<Z1<0 5] 1
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Z

Zy

uc
0

uc
0

uc
A12

uc
A12

0.06

0.06
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e | !

[0.7<z,<1.0]

[O. 2<z1<0 3]
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I3

2

0.06

= |
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0.05 |

[O. 2<z1<0 3]

|
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02 04 06 08 02 04 06 08

I3

2

86



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
Az

UL
A2

uL
Ay

u
Ag

0.3

0.2

0.1

0.1

0.1

[0.4<2,<0.5] 1 [05<24<0.7] [ [0.7<2,<0.9] J
1 I ¥ i ]
T e . =
B =
[0.15<2,<0.2] 1 [0.2<2,<0.3] L [0.3<z,<0.4] ]
. M R I | — ]
02 04 06 08 02 04 06 08 02 04 06 08
22 22 22
[0.4<2,<0.5] [0.5<24<0.7]
T
[0.15<24<0.2] [0.2<24<0.3] [0.8<24<0.4]
. L ]
P TR ! = —=—= = -
02 04 06 08 02 04 06 08 02 04 06 08
23 23 23

FITI

AUL

AUL

12

12

uL
Ao

uL
Ag

[0.4<2,<0.5] ]

[0.5<24<0.7] 1

——

[0.7<2,<0.9]

[0.15<2,<0.2]

0.1

01

Z2 Z2 Z2
[0.4<2,<0.5] [0.5<2,<0.7] [0.7<2,<0.9] ]
[0.15<2,<0.2] [0.2<z,<0.3] [0.3<z,<0.4]
. N ' - — =

FITIV
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Fit of HERMES and COMPASS SIDIS data

x2 tables 11 free parameters, 261 points
TMD evolution (exact) DGLAP evolution
Xior = 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
Xfor = 255.8 Xfor = 315.6
Xd.op = 1.02 XJoy = 1.26
2 . 2 _
HERMES X.r\ = 10.7 7 points XI\ = 27.?
™ Xz = &9 X: = 3.0
Xp,=9.1 X3, =225
2 2
X> = 6.7 9 points Yr = 29.2
COMPASS .
h Xz = 17.8 X- = 16.6

Xp, =124 Xp, =118




Asdq(cbh-%)

Fit of HERMES and COMPASS SIDIS data

HERMES PROTON COMPASS PROTON

01 F

0.1}
T ' ht
0.05 0.05 }
€
cE
| =4 |
0 < 0
. [ <Q2> 127 155 183 217 282 434 775 105 205 T
005 —— TMD . -005F ——  TMD
| _---bGeA ' ' -—-- DGLAP
0 0.1 0.2 0.3 0.01 0.1
XB XB

93



xaN 1 (x) xaN 10 x)

xaN (%)

Sivers functions

SIVERS FUNCTION - DGLAP SIVERS FUNCTION - THD
012 F ' ' r N ' ' h T .l
0.08 | ] 0.04 1 0.12 ol
' U = u . 008 _ .
. _A z - = 004 s
0 p———--= iy 0 — = 0 < 0 —_—
N =z =
-0.04 F . < < 004k ] .
-008 3 1 1 3 -004 [ L 1 ] '008 - - '004 B
102 107 102 107 102 10" 102 10"
X X X <
012 - Ll 1 - 004 [ T T 7 012 - r T - 004 - . o
008 F d, ; - g ~ 008fF d, ] - g
0.04 } i & S 004} { & ;
008 F . : 004} . i 008t . ] 004} )
102 107 102 10" 102 10" 102 10"
X X X X
004 [ ] T ] 004 F S 004 )
s 2 s E ) Z °
0 T o= = 0 = = 0 -
E E E
-0.04 | - -0.04 | i 004 F . - 004 )
: : * 2 -1 > "
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X X X X
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XAN f(”(x)

0.12
0.08
0.04

-0.04
-0.08

Sivers functions




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

L . T Hody! .
Fig N b (r) = Fip (@, brs po, QF) exp{ln \/g_}ﬂ'{b-: fb) + f i [*frl[g{;-t’]': 1) —In Vﬁw{g(u’n}

{?ﬂ o |”',
Bodp' TE , N
¥ f S (o) — o (br) n Y (4)
L Myby (1 diy dis ~gierer . - o
Fr_f" ! (z,brip, Cp) = Z i? f £q g C;?;j (21, 2o, fh':!-iﬁ-. fios G(ptn)) T (21, Ta, pa)
'\-'z t oy I 'h-'z ! i Sivers WV L
X exn{lll —K (ba: ) + f ad [“.*‘F'[Q{I-i )i1) — In e (g )}]} X EKD{—HF';P “(z,br) — gx (br)In o } :
(2 [Tos H H C)ﬂ
(47)
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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)

[ouml
(\.I'_‘
S 4| e
=~ —"
% 5 — P
e T
. 3= 3
o
O
'
2._
& e A OMEGA
< q;/f/ - o CFS
I ST x CFS (CORRECTED)
;’:-/ O R209 (ISR)
| | | | | | | 1 1 |
400 800 1200 1600 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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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)

[ouml
(\.I'_‘
S 4| e
=~ —"
% 5 — P
e T
. 3= 3
o
O
'
2._
& e A OMEGA
< q;/f/ - o CFS
I ST x CFS (CORRECTED)
;’:-/ O R209 (ISR)
| | | | | | | 1 1 |
400 800 1200 1600 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, ) + fQ df*‘rp(&; 1) —In ( \/?F) m’(ﬁ)}

Hb | fiy

%)

exp {—gp(m: br )4 gk (br)In (

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

d InF(x, bru, {r)

Blnm = K(bz: )

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

K(p,br) = _f:r‘:(:;) In(p2b2,/C%) it py = C1 /b, K(by, ) =0

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 4}4042



TMD evolution

TMD in the b space:
- d
F(.’E,bT:QaCF Z/ jC‘ffj T/’U b, pb, u“"b)f}(?f ”b)

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

Cr (3 93
weseli®) = oL (§-mh))
T L
at order ay:
g (fe)

vk (1) = 2CF

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 14042
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Unpolarized data phenomenology

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

DRELL-YAN

»[s~20-69 GeV; 1-7 TeV
>4<«Q<9; 10.5¢Qe25 GeV: Mz,

»0.1<P<tens GeV; 1-hundreds GeV

»(Absolute) Cross sections
> (P
» Azimuthal asymmetries

SIDIS
(JLAB,HERMES,COMPASS)

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

»Multiplicity
>(P%
» Azimuthal asymmetries

T
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BaBar Predictions

uL
Az

uL
)

[0.4<z,<0.5] 1 [05<2,<0.7] 1 [0.7<z<0.9] I ] 04 b [04<24<0.3] ] [05<24<0.7] 1 [0.7<z4<0.9]
] P4 ! 1 s J—
< —§
Yt 2= ] 0 1 -
=
[0.15<z,<0.2] 1 [0.2<z4<0.3] 1 [0.3<z,<04] ] 01 b [015<z4<0.2] | [0.2<z4<0.3] 1 [0.3<z4<0.4]
] T b 5Ia s
+ [ J — ik__' — T o
- = 0 1t - i
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T

Drell-Yan phenomenology

» Are data gaussian distributed?
do

2 2
—75 X Zf he (1) fg/n. (mz)exp(_PTMPT))
P2 M? 2/m i1 a/ ks (PZ)
1 T T T L
% »QCD prediction?
| 2 pert.
08- L < K LY = o (Q")§ g(’r’)o(s((ﬁ"))-{-...
O, ] // _ * Altarelli, Parisi and Petronzio
i | Phys Lett. B76 (1978) 351
706}
a
- B . See, for SIDIS, also
04 v v Schweitzer, Metz, Teckentrup
200 400 600 800 1000 1200 1400 1600 Phys.Rev. D81 (2010) 094019
s [GeV?]

BN
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Drell-Yan phenomenology

» Are data gaussian distributed?

(K2)[GeV]

0.8 r

0.6

0.4

2 2
do  Qem o (@) o )exp(—PT/(PT))
dp% X M2 Z q/h1\T1)Jq/ho\ T2 W(Pi%)
q
,,,,,,,,,,,,,,,,,,,,,,,,,,, 1.2 e
//// | 1 — ‘///
§ 0.8 & //
N . = /A,/
at R e
| oA
0.4 .7
. L
T A S S S 02 Lo
200 400 600 800 1000 1200 1400 1600 20 . 30 40
s [GeV]

s [GeV?]
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CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

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

» And previous expression simplify considerably:

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

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

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 14042



CSS Resummation and TMD evolution (2011)

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

b, =
\/1 + b%—‘/b?ﬁ&l‘-

Hy = (’11/87*

» 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 (%) }

=

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, 44042
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CSS Resummation and TMD evolution (2011)

»In phenomenological applications:

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

» And previous expression simplify considerably:

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

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

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D83, {44042



EIKV phenomenology

»TMD evolution in the CSS-like version

(f 'J)T:Q CF_ Zcf/j Uah*a.uba.ub)gjfj(r;":”b)

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

exp{ gr(z, JJT)W‘(’)T)IH(&)}

» 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 {—b% ( pdf | 72 ln(Q/QU)H

Fp(br, Q) = exp |6 (9f + £ 1n(Q/Q))|

I ————

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

>Fit DY data and SIDIS data....

[=]
(=4
(=1

% 2500 [ % ~ 008 T
0 r p+p Vs=1.8 TeV S o Vs=1.8 TeV % p+pVs=7 TeV
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£ ) r o DOZ g
5 1500 £ i z i
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L 2 L D
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O’I.‘..\..‘.IH..\‘.H L A T T T O N O 0_“"""""""""
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
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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)

S I ——————

Echevarria, Idilbi, Kang, Vitev Phys. Rev. D89 (2014) 07#013



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_ \\ - 5
10 F . . i . ;
= . _1
- ‘\4 10 s
[ (xg) =0.117 E (xg) = 0.117 .

(Q*=2.45 GeV* (Q")=2.45 GeV”
10 Eov b b b b b I AN E AT S A ST AT AT S A SN AT AT S AT A AN AN SN
0 0.1 0.2 0.3 0.4 0.5 0.6
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SJYY phenomenology (CSS)

»Two step fit. First DY data:

Snp = g1b* + g2 In (b/bs) In (Q/Qo) + g3b? ((:r.g/:ﬁ)}‘ + (:rg/:rg)}‘)

%-” 3 _I T | 1T | T | T | 1T | LI | T |_ 5"25 _I T T | T TT | T TT T T | T T | T TT | T T | I_
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2.5 — oL/ N
i L
- ; B i
2 151 * -
151 - B
i 10~ |
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\%/D.O.F ~ 197/(140 — 10) = 1.5

P. Sun, J. Isaacson, C.P. Yuan, F. Yuan, Arxiv: 1406.3073 114



» Then SIDIS data:

SJYY phenomenology (CSS)

(DIS)

Sxp . = goln(b/by) In(Q/Qp) + §;18}2/2 + g3 [:;1‘0/;1‘5)}“ — ghbz/:g

Multiplicity
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=i

CSS/TMD evolution and
Sivers asymmetry

»How TMD evolution describes the Sivers asymmetry in SIDIS?

S

Aur
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- P. Sun and F. Yuan
0-05E" L+p— h'+X Phys. Rev. D88, 034016 (2013)
0.04F- i Phys. Rev. D88, 114012 (2013)
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ASivers
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CSS)TMD evolution and
Sivers asymmetry

»How TMD evolution describes the Sivers asymmetry in SIDIS?
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€55/ TMD evolution and
Sivers asymmetry

»How TMD evolution describes the Sivers asymmetry in SIDIS?
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