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Introduction



TMD phenomenology: data

»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

SIDIS
(JLAB,HERMES,COMPASS)

»[s~3.6-7-18 GeV
»1«Q<4 GeV
»0.1<P<few GeV




Resummation/ TMD evolution

TMD evolution Matching region Fixed Order QCD

Intrinsic Soft gluons



Resummation/ TMD evolution

»>Fixed order calculations cannot describe correctly DY/SIDIS data at small q_
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Resummation/ TMD evolution

»>Fixed order calculations cannot describe correctly DY/SIDIS data at small q_
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DLLA approximation (Dokshitzer, Dyakonov, Troyan, 1980 )



Resummation/ TMD evolution

»>Fixed order calculations cannot describe correctly DY/SIDIS data at small q_

1 do 20 (ﬂa’f? ‘3)
= a,In | —— — =

oo dg%  2mg*
» These divergencies are cured by TMD evolution/resummation.....

> ...however DLLA does not take into account momentum conservation.
»The standard solution is to consider the TMD evolution in b_ space...

1 do / d*bretdr o

_ -
= Wi (21, 22, br, Y (x1, 22, qr,
oo dQ?dydg* (27)2 Z‘”J (@1, 2,br, Q) + Y (21, 72, qr, Q)

J




Resummation/ TMD evolution

»>We lose the control over q_. Instead we have to deal with b_!!
Example in the CSS resummation scheme:

Hrj(i 1,2, br., Q) — exp [S ij ]2 Cj!- oY fi Cjk ® f_:;(-"ﬂg, Cf/b%)

A (g (k) In (Tz) + Bj(ay (h:))}

At large b_ the scale p becomes too small!

Not trivially connected to the physical region: Q° > ¢ ~ Ajqp

> All TMD evolution schemes require a model or techniques to deal with this region




Example: CSS

> All the scales are freezed when we reach a non perturbative region:

b-T = g — = le/b*

o \/1 _|_ b’%ﬂ/bg}lﬂl‘- E bT

br —» b

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,
C1 = 2exp(—E) Ho o1

10
Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)



CSS for DY processes

To perform phenomenological studies we 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»ln 20, b*—[g,83In(100x,x,)]b |
. 0/
Brock-Landry- Q! B
Nadolsky-Yuan (BLNY) exp| —&;—&»In ZQ{} —£183In(100x,x,) | b~

Nadolsky et al., Phys.Rev. D67,073016 (2003)
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CSS for DY processes

* Parameter DWS-G fit LY-G fit BLNY fit
Nadolsky et al.* analyzed successfully
) £ 0.016 0.02 0.21
low energy DY data and Z production data £ 0.54 0.55 0.68
gs 0.00 -1.50 -0.60
using different parametrizations
CDF Z Run-0 1.00 1.00 1.00
N, (fixed) (fixed) (fixed)
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o/, == fomam iR
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] 1 |-
AN E288 1.23 1.28 1.19
% sl 400 - an
& g
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0.1 [ -
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P_ (GeV
S 5y iG] Y*/DOF 3.47 3.42 1.48
bar=0.5 GeV™! *
Nadolsky et al., Phys.Rev. D67,073016 (2003)
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Example IT: SCET and DY
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Example IT: SCET and DY
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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 )
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SIDIS phenomenology
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SIDIS phenomenology
»Gaussians but flavor dependent, x dependent, z dependent-....

—k2 J(k?) e~ P1/(P1)
(& L 1 D — D -
Farp(a, kiy) = f(2) hyq(%:DL) n/q(2) ——

m(k?)

— (222" T (Pe)(1—2)
K3 (@) = (k2 ) El - z;a P @) =Pl G o

m(x,z,P2;, @%), proton target
—

_ x ¥ ]

ot 015 o 010<2<0.20 ] proton target glpbal x?/dof. =163+ Q.12
= (@-29Ge\V® L. & 021<z<030 | no flavor dep. 1.72 +0.11
- ' T o0 80 |

60<z<0.80 i

Signori et al. JHEP 1311 (2013) 194
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SIDIS phenomenology
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SIDIS + TMD Evolution: EIKV

»TMD evolution ( CSS-like version )

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

exp { 550“"5(?)* : ,ub)}

exp{ gp(z, bT)gﬁ(bT)hl(gn)}

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

» Approximations

» Simple parametrizations for the non-perturbative part:
Fnp(br, Q)P4 = exp { b7 ( pdf. | 72 ln(Q/QU)H

Fp(br, Q) = exp |6 (9f + £ 1n(Q/Q))|

Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074013
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SIDIS + TMD Evolution:

>Fit DY data and SIDIS data....

EIKV

~ 2500 —
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Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074013
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SIDIS + TMD Evolution: EIKV

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

—~ 10
E HERMES Echevarria, Idilbi, Kang, Vitev
:? .:i_“—.--—» — Proton T Phys .Rev. D89 (2014) 074013
S 1E © \
Z ; RN >6lobal Fit DY+SIDIS
— K ~, »TMD evolution
oL ’ I S >Wilson Coefficient, PDF and FF at LO
i (xg) = 0.117 ’ »No full multidimensional data analysis
(Q%)=2.45 GeV’ »No X° provided
v b b P ey

0 01 02 03 04 05 0.6
Pt (Gear)

Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074013 22



SIDIS + TMD Evolution: SIYY

»Fit of the DY data at NLL-NLO using a new hon perturbative function:

Snp = gib* + g2 In (b/b,) In (Q/Qy) + gsb* ((;;f;{;/:r:l)'}‘ + (.-;{;U/:r:g))‘)

» Similar parametrization for SIDIS:

Sip” = S0+ 21 (b/b.) In(Q/Qo) + gab*(wo/wp)* + 5b°

Eh

»Extraction of g,

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

Multiplicity

SIDIS + TMD Evolution: SIYY
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Resummation/ TMD evolution

TMD evolution

Matching region: Yfactor

G« Q

—~

Intrinsic

\‘ Soft gluons

Fixed Order QCD
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SIDIS-Y factor
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» Y factor is very large, larger or
as large as the resummed cross section
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Sudakov

Q? = 5000 GeV?

g

E- O
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12 f
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D , . . |
by [GeV']

Boglione et al, JHEP 02 (2015) 095



Conclusion I

» TMD evolution can describe DY data. The predictions are robust
at the mass of Z and transverse momenta of 5<q<30 GeV.

Lower transverse momenta need a non perturbative modeling

»Present SIDIS data are at low energy therefore
1) the non-pertubative behavior is dominant.
2) the perturbative part could be not under control
(i.e. Higher order terms may be large)
3) The region of matching and that of resummation
cannot be clearly separated.
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The Sivers function
from SIDIS data
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Asymmetries

»Numerator and denominator have the same tmd evolution: many tmd effects
cancel in the ratio (and many problems could disappear (???))

» Safe ratios do not mean safe extractions of TMDs... If you don't know the
denominator you cannot extract the functions at nhumerator even if you can
describe the asymmetry.
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TMD evolution of the Sivers function

~1
fir(z, ki) = / dbrbp Jy (kb ‘@)
21k

Y

Object that evolves

= m bT diﬂldIZ iv
{J’I_“(m:bTaQ!CFJ — ;U Z/ L1To C?/j ’-?3133-‘72?5 ﬂb,#b)TF?(Tl fg.}..,u,b)
@ dk
BXP{ —F(K; 1)—111(Q>’)’K(ﬁ)}
(r = Q7 o "

exp{ ~gp'" (x,br) = gx (br) In (50)}

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



TMD evolution of the Sivers function

~ m,b Vda dx
f{%(m:bT:Q?CF) - IP - Z : QC‘SW 351:'3;271) b, #b)TF?(‘Tl 332?”5)
120 f/J'

exp{ : d{w(ﬁ 1) - (%) ’YK(H)}

exp{ —g5" (@, br) — gff(bﬂln(ci)}

Cr=Q7°

ﬁ(:B:bTﬂ Q:«CF = Qz) - Z CfXj(m/y"b*a ﬁibalﬁg) & fj(ya .U’b)

J

Q .
o [* L) -1 (2) o)

exp {—QP(-'L’: br) — g (br)In (%) }

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



Alternative evolution equation

3 €T, O, F = 2 @ 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 funD (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)

33
Aybat, Collins, Qiu, Rogers, Phys. Rev. D85, 034043 (2012)



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}

i ; Qo

n 2 {ki) 2 1 2

F(z,br, Qo, Qp) = f(x, Qo) exp |— 1 by g (br) = EQEE’T g, from DY
;"’ 0.15 TMD evolution
= HERMES
£ £ o1 COMPASS

0.05—

Aybat, Prokudin, Rogers, Phys.Rev.Lett. 108 (2012) 242003
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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
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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
»EIKV: TMD Evo a la €SS+ C at LO FIT v2=1.3
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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
»EIKV: TMD Evoala CSS+ Cat LO FIT x2=1.3
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Echevarria, Idilbi, Kang, Vitev Phys.Rev. D89 (2014) 074013
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Sivers
A

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
»EIKV: TMD Evo a la €SS+ C at LO FIT x°=1.3
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Conclusion II

»Different approaches can describe the Sivers asymmetry
because the non pertubative behavior is probably dominant

»We do not have a full NLO and NLL fit of SIDIS data yet.
We need to know well the twist 3 Qiu-Sterman functions
and their (NLO) collinear evolution... which is not close

»Contrary to unpolarized PDF we do not know the collinear T
Can we study T in SIDIS? (i.e. at large g1, maybe at EIC?)
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CSS/TMD evolution and Collins/ Transversity

»Extraction of transversity and Collins functions using TMD evolution at NLL'
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Kang, Prokudin, Sun and Yuan: Phys. Rev. D91 (2015) 071501 and ArXiv:1505.05589



CSS/TMD evolution and Collins/ Transversity

»Extraction of transversity and Collins functions using TMD evolution
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CSS/TMD evolution and Collins/ Transversit

»TMD evolution »Gaussians
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CSS/TMD evolution and Collins/ Transversity

»TMD evolution
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CSS/TMD evolution and Collins/ Transversity

» TMD evolution » TMD evolution effects at BES??
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CSS/TMD evolution and Collins/ Transversity

»Extraction of transversity and Collins functions using TMD evolution
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Backup Slides
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Integrand of the FT in SIDIS
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Integrand of the FT in DY
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Qiu and Zhang, Phys. Rev. D63 (2001) 114011
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Integrand of the FT in SIDIS
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Boglione et al, JHEP 02 (2015) 095
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Theoretical uncertainties in pQCD

» Perturbative, fixed order, calculations are affected by theoretical uncertainties
due, for instance, to the choice of the factorization scale.
The cross section depends on logs like:

In ( Q If;u' F )

51



Theoretical uncertainties in €SS
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Theoretical uncertainties in pQCD

» To “optimize" the expansion the factorization scale is set to be equal
to the hard scale:

In(Q/pr) - g = Q)

» The theoretical error is built changing the value of the factorization scale.
Usually:

Q/2 < pup <2Q
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Theoretical uncertainties in pQCD

» To “optimize" the expansion the factorization scale is set to be equal
to the hard scale:

In(Q/pr) - g = Q)

» The theoretical error is built changing the value of the factorization scale.
Usually:

Q/2 < pup <2Q
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Theoretical uncertainties in resummation

» Similarly, in resummation several scales appear. For instance, using the
standard €SS nomenclature we have:

C/br C'5(Q) C'3/br

)

» Studying the theoretical uncertainties in resummation is important
because it gives us a measure of how much we know of the perturbative part of
the cross section and correspondingly how much we have to model.

»This is particularly important for low energy SIDIS data that, contrary to
Drell-Yan data, are difficult to describe with resummation.
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Cross section with scales in the CSS

formalism
> Drell-Yan cross section
do d2bpeidr br
dQ2dydq® Jn{/ El;?r)g ZE?WFJ(mlﬂmE:Ol/b*:CEQ:Cﬂ/b*)FNP(H?: bTaQ)}
Q2dydqg?. :

T1 r2, 4T, CLQ

U

Y-factor (matching function) Perturbative resummed part
of the cross section

\J

Non-perturbative function
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Cross section with scales in the CSS
formalism

> Drell-Yan cross section

do d?bpeidr br ,
= S Wi(xq, x4 | L by,
dQ?dydq7 gn{/ (27)2 Zj:"‘; j(z1, @ NP (2, br, Q)

+Y (21, 20, Q"

b, = br
" \/1 _’_ b%—'/bgﬁal’-
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Cross section with scales in the CSS
formalism

> Drell-Yan cross section

do d?bpeidr br ,
= W (e, xd s . by,
dQ?dydq7 gn{/ (27)2 ;‘; j(z1, @ NP (2, br, Q)

+Y (21, 20, Q"

Wj(i?l?ﬁjz,Q?Cl/b*,02Q503/b*):Zexp[»g(b*;cl/b*gCZQ)] Cii@ fi| | Cik@ fx
1,k

Perturbative Sudakov \/

Convolutions of PDFs
and Wilson Coefficients
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Cross section with scales in the CSS

formalism
> Drell-Yan cross section
do d?bpetdr bt 5
- 2Wo (1., 9. C1 /by, CoQ.Cs /b, ) Fy p (2. br.
1Q?dyda g”{/ @ 263V O/t CaQ. Cafb) Fvr (7. Q)

+Y(Tl s L2, 4T, C4Q)
Wi(w1,22,Q,C1/bs, C2Q,C3/b) = > exp [S(bs, C1/bs, C2Q))]

13&/
CIQ° (12

S(br,Q,Ch,Ch) = —/ - [A(ag(ﬁ),cl) In (

iy K

Cii@fi| | C56@ [k

c30°

K2

) +B(as(ﬁ:)a0h02)]
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Cross section with scales in the CSS

formalism
> Drell-Yan cross section
do d?bpetdr bt 5
- 2Wo (1., 9. C1 /by, CoQ.Cs /b, ) Fy p (2. br.
1Q?dyda g”{/ @ 263V O/t CaQ. Cafb) Fvr (7. Q)

+Y(Tl s L2, 4T, C4Q)
Wi(w1,22,Q,C1/bs, C2Q,C3/b) = > exp [S(bs, C1/bs, C2Q))]

13&/
CIQ° (12

S(br,Q,Ch,Ch) = —/ - [A(ag(ﬁ),cl) In (

iy K

Cii@fi| | C56@ [k

c30°

K2

) +B(as(ﬁ:)a0h02)]
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Cross section with scales in the CSS

formalism
> Drell-Yan cross section
do d?bpetdr bt 5
- 2Wo (1., 9. C1 /by, CoQ.Cs /b, ) Fy p (2. br.
1Q?dyda g”{/ @ 263V O/t CaQ. Cafb) Fvr (7. Q)

+Y(-T1}:BE: qT C4Q)

Cji@fﬁ Cjk@fk

1

_

Sudakov soft scale

Wi(w1,22,Q, C1/bs, C2Q, C3/b.) = exp [S(be, C1 /b, C2Q)]
 k

) +B(as(ff):01:02)]

Sudakov hard scale
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Cross section with scales in the CSS

formalism
> Drell-Yan cross section
do d?bpetdr bt 5
- 2Wo a1, 29, C /by, CoQ, Cs /b, ) Fy p (2, by,
1Q?dyda g”{/ @ 263V O/t CaQ. Cafb) Fvr (7. Q)

—|—Y(.’L‘1}.’E2: qT, Cﬁl@)

Wj(xl,a:g,Q,Cl/b*,Csz(Z’g/b*):Zexp[S(b*,Cl/b*,CzQ)] Cii@fi| [C56@ [k
K

1

_

S(br, Q,Ch, Ch) = — :I‘fj [A(ag(h:)@ In ) + B(Ozs(l{)]
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Cross section with scales in the CSS

formalism
> Drell-Yan cross section
do d?bpetdr bt 5
- 2Wo (1., 9. C1 /by, CoQ.Cs /b, ) Fy p (2. br.
1Q?dyda g”{/ @ 263V O/t CaQ. Cafb) Fvr (7. Q)

—|—Y(.’131}.'132: qT, C4Q)

Wj(i?l?ﬁjz,Q?Cl/b*,02Q503/b*):Zexp[s(b*;cl/b*gCZQ)] Cii@ fi| | Cik@ fx
 k

1

-1
dz C C
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Cross section with scales in the CSS

formalism
> Drell-Yan cross section
do d?bpetdr bt 5
- 2Wo a1, 29, C /by, CoQ, Cs /b, ) Fy p (2, by,
1Q?dyda g”{/ @ 263V O/t CaQ. Cafb) Fvr (7. Q)

—|—Y(.’L‘1}.’E2: qT, Cﬁl@)

Wj(xl,a:g,Q,Cl/b*,Csz(Z’g/b*):Zexp[S(b*,Cl/b*,CzQ)] Cii@fi| [C56@ [k
K

1

1
Cji @ fi] :/ djcji(zﬁbafi(x/ @
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Cross section with scales in the CSS

formalism
» Some examples of logs:
) 67 5
AR (Cy) =20k [(1_8 - E) Ca — 5Ny = Bo 111(50/01)] BW(C,,Cy) = —Cp[3 + 41In(Caby/Ch)]
C';;}(:, b,p)y = 2T { [2(1 = 2)] — In(ub/by)[z* + (1 — :)2}}

N

b

bo = 2 exp(—7k)
...The exact values [of the scales] can be chosen to "optimize" the perturbation expansion, that is, to keep
higher-order correction moderately small. We have left this possibility open by including the constant C; and C....
Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)

> Standard choice: C-Tl = C-\F;j, = E}(}_.._ CTQ = Cf;l =1
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Drell-Yan
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Drell-Yan
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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 (3013)



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; Bi 2, (GeV?)
u 0.13=0.023 081 £0.16 40= 1.2 0.062 = 0.005
d —0.27 20.12 1.41 £0.28 4.0=*= 1.2 0.062 = 0.005
s 0.07=0.06 058 =039 4.0=*= 1.2 0.062 = 0.005
u —0.07 2 0.05 058 £0.39 40= 1.2 0.062 = 0.005
d —0.19=0.12 058 £0.39 40= 1.2 0.062 = 0.005
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Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (3013)
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Yuan-Sun phenomenolgy
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Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (3613)



Yuan-Sun

(@, br; Q) = F(x,br; Qo) R(Q. Qo, br) GXD{—QK(Z)T)In%}
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Echevarria-Idilbi-Kang-Vitev
phenomenology

Echevarria, Idilbi, Kang, Vitev Arxiv: 1401.56678



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: 1401.56778



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*

Echevarriq, Idilbi, Kang, Vitev Arxiv: 1401.56878



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?

Echevarria, Idilbi, Kang, Vitev Arxiv: 1401.56%8



EIKV phenomenology

Z and W-Boson Production
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EIKV phenomenology

Low energy Drell-Yan

E288 Vs=19.4 GeV
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EIKV phenomenology

HERMES SIDIS data

~ 10 ¢ « 10
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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

Echevarria, Idilbi, Kang, Vitev Arxiv: 1401.5%)%8



EIKV phenomenology

(some...) COMPASS SIDIS data

r\r\ 10 C Nﬁ ]'0 r
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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.

Echevarria, Idilbi, Kang, Vitev Arxiv: 1401.5%)478



EIKV phenomenology

>Fit of HERMES, COMPASS and JLAB data

y?/d.o.f.=1.3
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EIKV phenomenology

HERMES SIDIS data
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EIKV phenomenology

COMPASS SIDIS data

COMPASS Proton
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EIKV phenomenology

Predicition for COMPASS Drell-Yan
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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” -> h; h, X BELLE Data

% Thrust axis method
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

=y Ao asymmetry \
2

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)




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

92



Parametrizations

»Gaussian parametrization of the unpolarized PDF & FF:

o~k /(K2

® fq/'p(xakJ_) — fq/p(x) W(kﬁ)

P2y = 0.25 Gev2  (p2) = 0.20 GeV?

"[*] Anselmino et al. Phys. Rev. D71 074006 (2055)



Parametrizations

»Parametrization of Transversity function:

> ATQ(QT, J[LJ_) = —Nq a fq/p —I_&q ‘i)] f,_r

l\\\

Unpolarized PDF

Helicity PDF

o (cq+Bq)
N (z) = N 2% (1 — ) L2l

N(;, o, B free parameters

94



Parametrizations

»Parametrization of the Collins function:

% A Dﬂ-/qT < PL — 2N ﬂ'/q < PL
o o fy _|_ 6 ('Y‘l“é)
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

2p1

ANDW/qT (ZapJ_) — —Hl (Z pJ_)

Né’, Y, 8, M, free parameters =
Z

95



Fit of HERMES and COMPASS SIDIS data

xz tables 11 free parameters, 261 points
TMD evolution (exact) DGLAP evolution
Xior = 255.8 Y2, =315.6

dof = 1.02 X2, =1.26

96



Fit of HERMES and COMPASS SIDIS data

x2 tables 11 free parameters, 261 points
TMD Evolution (Exact) DGLAP Evolution
Xior = 255.8 Xbot = 315.6
X.op = 1.02 X2o s = 1.26
A2 . 2 _
HERMES X.r\ = 10.7 7 points X:r“ — 27-55
mw Xz = 4.0 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
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xaN 1 (x) xaN 10 x)

xaN (%)

Sivers functions
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XAN f(”(x)
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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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Turin standard approach (DGLAP)

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

proportional to the unpolarized PDF.

ANF o (2, k:Q) = 2Ny(@)h(ky)fyp(z, ki Q)
k| e kL/()s
My w(k1)

= 2Ny(@) fyyp(; Q)V2e

Collinear PDF (DGLAP)

Bq (g + Bq)(acﬁﬁw
g HBq
ag"fgt

oy MP(k) ERNPN 2k s
(k1)s = M2 + (k%) EAqu/pT (z, k) = —m—LflLT(a:, kL)

N, (z) = Ny (1 — x)




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

I L N Hody! N
Fiy ! (@,brip, Cp) = Fig (2, bri 1o, QF) ﬂxp{ln (;j K(be: o) + f ;i [ (g(u):1) —In #ff *:-'ff{g[u’J}}
fran :
b ,'i|1 ! g
—|—f f’“ In S i (g(1')) — gic(br) In or . (44)
i j (l)] l"Q[]
My diy dr .
{T by g, Cr) Z ~ f Tii};fﬂm“n(h 2, ba s fibs § 9(p)) Ty p (81, Ta, i)
Tr - "o Tr ) vers T
X exp {ln K (ba: us) +f % [“‘,f}'l[g{,ri Jil) —In f vic (gl ]}]} b nxp{—ﬂ_:r"}?; (x,br) — gr(br)In Sk } .
Hy oy M z (o
(47)




CSS formalism

1 do / d*bpe'dr b

2
- < W ’J...“J.b-:, Yz, x9. g7,
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 ]Z Cji @ fi(x1,CT/b7) Cjp @ fr(xa, CF/b7)
Pdfs convoluted with the Wilson Coefficients
5 L dz
Cii @ fi)(z, p1”) =/ ;Cji(znfltﬁ(ﬁi'))fi(mﬁzﬂfi')

Cii(z,a(p)) = 0i0(1 = 2) +Z( ) k

n=1

04
Collins, Soper, Sterman, Nucl. Phys. B250, 199 (11985)



CSS formalism

1 d d*bre'r f'T
4o — / € F I’V J‘l,L’g bT, ‘|‘Y «rlaﬂi QTa

00 dQ?dydg? '/ \

Resummed part Regular part

[Vj(iﬂl,fﬂg:bT,Q)—EXp[S tl)T, ]EC}L@fi Ty, CEX*{}T) Jktglf_:t(j‘g, lsz)
/
r

Sudakov factor S (br, Q) = /Qz dr” [Aj(&’s(!{))lﬂ (ng) + Bj(as(k ))}

. 2
/b3 K

o0 n Leading Log (LL) : AY:
- g (n)
Ajla(m) = Zl(g) 4; Next to LL (NLL) : 4@, BW,c®
~ Next to NLL (NNLL) : A% B® ¢c®
Bi(a(p)) = Z(—S) B o (1) (1) ~(1)
J — \2r J Fixed order o, (FX0O) : AW, BW ¢l

05
Collins, Soper, Sterman, Nucl. Phys. B250, 199 (11985)



CSS formalism

Evolution equations:

al’irj {:rl [l -""421 bf' Q]

— [fi'(f}r;.r,] + C(Q/;.L]] Wj(xy, 22,br,Q)

d1n(Q?)
AK (b, Il
dK( ”.‘;!‘; as(p) = —vi (as(p))
rﬂG(Q,':;:L s (1) = i (as(p))

2
Ajlag(k))In (%) + Bj{fls(ﬁ})] }E-L-’j{f}jl,;l’:g, br, Q)

OW; (1,22, br,Q) /ﬂ%’” dK?
a1n(Q?) ]

Sj U}Tw Q)

Wi(x1, x2,br, Q) = exp [S;(br, Q)] Wj(x1, 22, by, C1/br)

06
Collins, Soper, Sterman, Nucl. Phys. B250, 199 (11985)



Drell-Yan phenomenology

»Low energy data

10734
107%°
10°%
107
10738
10738

40

E d®c/d® p [cm®/GeV?)

10°
1074

1042

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

> The P distribution seems to be Gaussian....

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
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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
@&W;fqﬁhl(ml)quh2(m2) ﬂ_(Pi%)

K> = @) § (7o, @)+ .

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

TMD in the b space:

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

exp { In ( ‘@) R (b 1) + / (1) - In ( ‘@) mm}

fb I b K
exp {—gp(m: b gr (br)In ( Sk ) }
CFo

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

d InF(x, by, {r)

0 In\/Zr

= E{h?';#)

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

as (1)
T

K br) = 28 213,/02) i =Cafbe K(bem) =0

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



TMD evolution

TMD in the b space:
- d
F(xz,br,Q,(r) Z/ jcffj /Y, s, 16 113) 15 (Y 126)

exp {ln ( \/TF) K (bs, py) + /j df"‘m(m; .l) —1In ( \/f?) ’}fx(hf)}

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 CF
weseli®) = oL (§-mh))
T L
at order ay:
as (1)

vk (1) = 2CF

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D831114042



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!

Collins, Foundations of perturbative QCD, Cambridge University Press (2011); Rogers and Aybat, Phys. Rev. D831 114042



E d°s/d® p [em%/GeV?]

Drell-Yan phenomenology

»Low energy data example: FERMILAB E288 at 3 different energies

1034

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....
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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) ]

on the above formula w0 ————
. ks = 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 &813)



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.

2
Cj 2

‘L_LZ

0 dix ~ 2 21.2
Sy =20, [ 45 D, (@, 053]
Qy M T

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, ...

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 13813)



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

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 &613)



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)
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\kb Evolution /‘

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 13013)



Multiplicity
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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.

\\I‘\Ill\II|\\\‘\\\‘\\\‘\\\7
5<Q<6(GeV) ]

E288

T[T T[T TT T[T [TIT 77T NE;;
HERMES | a 7 R
T
p, (GeV)
C . .
7,} 7<Q<8(GeV)
E E288 7
NEEE NN PR FRETA RENEE SRR ARAN1 SR AN1 NAY P ————— E
0 01 02 03 04 05 06 0.7 0.8 0.9 015~ ]
S BT I | | *

p,(GeV)

dcs/dp(gdy

ReV. D81,094019 (2010)

6<Q<7(GeV)
N

E288

dcs/dpfdy

8<Q<9(GeV)

E288

= Roger-Aybat
— Yuan-Sun
= ' CSS

9
Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 13013)



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&)
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Drell-Yan phenomenology

» Are data gaussian distributed?

1073 ¢

1 0-34

E d%6/d° p [cm?/GeV?]

1073

10740 [

do

E288 p=200 GeV (\/s=1 9.4 GeV)

10-35
1073 |
10-37 R

10728 |

4<M<5GeV ——
5<M<6 GeV ———-
6<M<7 GeV - - - - -
8<M<9 GeV - -
- _
AU R T i *\\‘x
5 e . * X .
- K o
¥ _j""—i~= -_.i hhhhh _ %
LI R

gt [GeV/c]

02 04 06 08 1 12 14

—P1/(Pf))

exp(
@ X ﬂf? foﬂhl 1 quhz(mz) W(P%)

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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Drell-Yan phenomenology

» Are data gaussian distributed?

do em _ < _PQ P2
dP; j/f_?;fwhl(ﬂfl)fqmz(mz)e p(ﬂ;%{)( 7))

E288 p=200 GeV (vs=19.4 GeV) N E288 p=300 GeV (Vs=23.8 GeV) y E288 p=400 GeV (Vs=27.4 GeV)
-33 10° L L B BN LRI NN B L 10 B B BN L BN I NN BRI B
10 e Ry 0™ 4<M<5 GeV —— | g 5<M<6 GeV -~ -
5 5<M<6 GeV ———— | : 5<M<6 GeV ———— | : B<M<7 GeV - - - - -
1034 L B ] 10 L 6<M<7 GeV - - - - - | a5 | 7<M<8 GeV
E <M<7 GeV - - - - - E E 3 1035 = 8<M<9 GeV ----—- g
i 7<M<8 GEV - ] — i 7<M<8 GeV - 3 o g <M<9 Ge ]
< - ] 4 I 8<M<9 GeV ------ ] > i ]
> 1035 [ 8<M<9 GeV ---— ] A~ ® b ]
[ : ] o 10 2 E 0] 6 | TR e T
(\5 r \ ] (\I\ E \’\\\\l E N\ 10— - % - - om *. . \x\\\x .
NE 10_36 e T F 3 S e e S ] % O k“x
L, Eox e - oL e ] L 1098 L « . . T ] = L s Mo Toox 1
a C K- = ] a : TR T ] ® a7 | Temmme ol |
o 10 L s o 2 R . © 10 e 3
o ; X g % 37 | e, : * ] © L ]
o) I S ... ] - Lo —e— e Ko 4 ) ] 1
m_c 10-38 :_ r ] —-i-N"’i‘-~~\‘\‘\ % ] C’)_O 10 E r [ ] --l.,‘>‘.\ _n X_( ; E
L L N w - IR 10 | :
[ ] -38 E
39 [ ] 107 ¢ 2 2 3 F =0. 2y-0. 2
1077 (y)=0.40 (K5)=0.47 GeV? : (y)=0.21 (k7)=0.57 GeV 5 - W=0.03 Cky)=0.71 GeV
il 10799 bt 103900204060811214
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 - q' [Ge-\//c] -
ar [GeV/c] ar [GeV/c] T

»Each data set is gaussian but with a different width

I
122



Drell-Yan phenomenology

» Are data gaussian distributed?

0.8 r

S
()
)
U
X
0.4

200 400 600 800 1000 1200 1400 1600

do

dP2 X A{Q Zf(i‘/hl L1 fQ/hz('rQ

06 r

<K|> = A&

s [GeV?]

)eXp(—P%/(P%ﬂ
w(P7)

»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

) (e @)+ -
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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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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))

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

(1/c)do/dqy

0 5 10 15 20 25
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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
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Iy ple,x, 1) oy L

Oln p? 2 ), €

{qu {z} T"i'-.F(E: ‘f-. 1”'}

_I_Nc [(1 + 2)Tq r (&2, 1) — (14 22)T, 7 (€,&, 1)
2 1—2

FTaren| @

where z = x/§ and Py (z) is the splitting kernel for unpolarized quark distribution function given by

1+ 22 3

Pyqg(z) = CF [

and the quark-gluon correlation function Tay p(x1, @2, p) is given by

dy, dy, . — ilpe—z1)Ptu= - E T o P _ _
Tag,F(x1,2) Z/%ﬂ”‘#yl T2 e )F U (P s iy (0) v F° [i 8% Fo (wy)] wg ()| Psst). (5)
ArXiv:1205.1019
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