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- QCD Evolution of the Sivers Asymmetry 7 01
MGE, Ahmad Idilbi, Zhong-Bo Kang, Ivan Vitev. Phys.Rev. 1389 (2014) 074013 [arXiv: 1401

- A Unified Treatment of the QCD Evolution of All (Un-)Polarized TMD Functions: Collif
MGE, Ahmad Idilbi, Ignazio Scimemi. [arXiv: 1402.0869]



Siver Asymmetry: The Goal

® Improve our understanding of QCD (test theoretical tools: factorization, TMD framework,...)
® How? By testing one of the main predictions of the TMD formalism: sign change of Sivers
function between SIDIS and DY processes.

® We want to extract it from SIDIS and make relhiable predictions for DY.

® Distribution of unpolarized quarks inside a transversely polarized hadron:

(P xki)-S| They include the
M 4 soft function!

foar(z, k1, S) = fl(z, k%) — fiof (x, k2)

QCD invariant under P and T

(;S’/{qDTIS(xa kJ_) g) — 5XT(377 kJ_? _g)

L i
i (@, k)" = — fig (k) 2T

® Different Wilson lines in SIDIS and DY processes

® Soft function 1s universal
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The Object

® SIDIS cross-section with a transversely polarized hadron:

e(0) + AT(P) = e(l)) + h(P,) + X

do
d.fCdethdQPhJ_

— O-O(:CBa Y, Q2) |:FUU =+ Sin(¢h — ¢S) F(Sflfl{l(¢h_¢8):|

® Sivers asymmetry is defined as:

: SIN(pp, — b
A51n(¢h—¢s) _ FUT( " )

UurT FUU
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The Object

® SIDIS cross-section with a transversely polarized hadron:

e(0) + AT(P) = e(l)) + h(P,) + X

do
d.fCdethdQPhJ_

— OO(xBa Y, Q2) |:FUU =+ Sin(¢h — ¢S) F(Sflfl{l(¢h_¢8):|

® Sivers asymmetry is defined as:

. Sln(¢ _¢s)
ASln(¢h_¢s) — FUI "

UurT FUU

—

e Factorization?

e Relation with Sivers function? SIDIS factorization...
e Evolution?
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SIDIS Factorization (1/3)

I(k) + N(P,S) = U'(K') + h(Py, Sp) + X(Px)

® Applying the SCET machinery:

Then = D ey _> Thowr = 3 efaWE ST itsTW e,

q q T: MGE, Idilbi, Scimemi PRD'11

More details:
MGE, Idilbi, Scimemi 1402.0869
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SIDIS Factorization (1/3)

I(k) + N(P,S) = U'(K') + h(Py, Sp) + X(Px)

® Applying the SCET machinery:

Then = D ey _> Thowr = 3 efaWE ST itsTW e,

q q T:
uv 2 /,.2 i 2 21, 2 (2) N
W = H(Q*/1*) 5= ) _eq | d*knid’ka1d’ks 8% (q) +knt — knt + ko)

x Tr [CID(O) (x, kpy, S)VH A(O)(Z, ki, Sh)v" ] S(ks1)

| [ dy-d? o o ) )
8z ks 8) = 5 [ LS L Gk k) (P (65T (07 y ™ yn) [WF160] (0)1PS)
2 (27)3
> ]‘ dy+d y 7, te— ks
Agg)(zvphJJSh): 5/ (27_‘_) L i3y kn Y1 )
1
<2 30 [ 6] (0,079 1X: PaSi) (X Pl [6W5] 0) 10)
X
d*y iy 1 _ ~
Sk, ) :/Wew s (0] T [S278T] (0,0, w1 [$T75E] (0) [0

® Pure vs. naive collinear (double counting)

® Matrix elements suffer from rapidity divergences More details:

Miguel G. Echevarria - Nikbef/VU - May 12th 2014
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SIDIS Factorization (2/3)

® The soft function can be split (in rapidity space) to all orders as:

3 —\2
InS_ = %RS(bT,OéS) + D(br, ag)ln <(A ) )

- A+ A Crp?
IHS:RS(bT,@s) —|—2D(bT7045)1n < 2,,2 >
_ _ _ 1Il§.|_ = —RS(bT,CVS) + D(bTa&s)ln ( 2 )
dD 9 — S+ S 2 CD:u

T F(:us
dlnp P

-\ ) Crip = Q"

D = K See John’s talk
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SIDIS Factorization (2/3)

® The soft function can be split (in rapidity space) to all orders as:

) —\2
InS_ = %RS(bT,OAS) + D(br, as)ln ((A ) )

- A+ A Crp?
IHS:RS(bT,@s) —|—2D(bT7043)1n ( 2,,2 >
_ _ _ 1Il§.|_ = —RS<bT,CV5) + D(bTaas)ln ( 2 )
dD 9 — S+ S 2 CD:u

T Fcus
dlnp P

N\ i Cr¢p = Q"

D = K See John’s talk

® To cancel rapidity divergences, TMDPDFs and TMDFFs are defined as:

Eij(z,kni,S;Cr, p* A7) :/d2bJ_ e+ Pt &8 (2,61, S5 1% A7) S_(br; Cr pu? A7)

Dij(2, Pp1,Sn;Cp, p* AT) = /d2b¢ e 0L n L AE?(Z,IM,SMMQ;AJF)§+(bT;CD,M2;A+)
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SIDIS Factorization (2/3)

® The soft function can be split (in rapidity space) to all orders as:

) —\2
InS_ = %RS(bT,OAS) + D(br, as)ln ((A ) )

~ ATA™
InS = Rs(br, as) + 2D(br, o) In ( >

QZMQ
~ 1 (A—I—)Q
- - - InS, = —RS(bT,Ozs) + D(bT,OzS)ln

dD S — S+ S_ 2 C

T Fcus
dlnp P

N\ i Cr¢p = Q"

D = K See John’s talk

® To cancel rapidity divergences, TMDPDFs and TMDFFs are defined as:

Eij(z,kni,S;Cr, p* A7) :/d2bJ_ e+ Pt &8 (2,61, S5 1% A7) S_(br; Cr pu? A7)

Dij(2, Pp1,Sn;Cp, p* AT) = /d2b¢ e 0L n L AE?(Z,IM,SMMQ;AJF)§+(bT;CD,M2;A+)

® Straightforward to update the decomposition of TMDs Crp £ C = (2v - P)?
given by [Boer, Mulders PRID’98] to include the soft function. D N e

This story is regulator IN-dependent!!
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SIDIS Factorization (3/3)

® Fierzing, going to impact parameter space, ...

d2b -
TV 2 . / o~ Pri/z Soft function
H(Q/1) Z f ncluded in F/D

{(FJ[;;N]CC b1, S5Cr.1°) Dy (2,01, Sni (o, %)
+F]£7/N75](x b,S;Cr, 1) Bf%](Z,bL,Sh;CD,MZ)) 9\

‘|‘F][cz/0]\] 75](33 b S CF? ) }[;/Jf 75](’27 bJ_7 Sh7 CDaluQ) (gj_'L@L g]} — glij gji_l/):|
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SIDIS Factorization (3/3)

® Fierzing, going to impact parameter space, ...

d2b -
TV 2 . / o~ Pri/z Soft function
H(Q™/1); Z f ncluded in F/D

[([J[CZN](xabLaS; Cr %) D) (2,60, Shi G, 1)
*FP/N%]@ b,S;Cr, 1) Q/f%](Z,bL,Sh;CD,MZ)) 9\

+FJ[cZ/JN " (z,b, S5 ¢, ) }[;/Jf (2,01, Shi (o, 1) (g{ﬁ 9]} — 91ij giy)}

Known at 3 loops!
Depends just on Q!

® TMDs contain perturbative information at large kt (refactorization):

_ Cb2 —D(br;u) -0
T(br; ¢, %) = ( . L ) Cr(br; 1*) @ t(u”) + O (brAgep)

Collinear distribution

Any TMD PDF/FF Perturbative (PDFE FF, ETQS,...)

No divergences
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Universal Evolution

e All the 8 TMDPDFs and 8 TMDFFs (leading twist) evolve with the same kernel:

F][CS]]V(CC,I)J_,S, CF’f,,U?t‘) — F}?]]V(Qj,bj_,s, CF,ZH“ZQ)R (bT’CFau'UJ?’CF?f”u?)

DIl (2,61, 80 Co.p 3) = DIt (2,61, S0 Covto ) R (b3 G 12, Co g 1)

R(ba Cia:uga Cfa:u?”) — €XP {/
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Universal Evolution

e All the 8 TMDPDFs and 8 TMDFFs (leading twist) evolve with the same kernel:

F}S]]V(CC,I)J_,S; CF’f,,U?t‘) — F}?]]V(Qj,bj_,s, CF,ZH“ZQ)R (bT’CFau'UJ?’CF?f”u?)

~ F =~
Dy} (2,60, SniCp.g 1i3) = Dy (2,61, Sns Cp.i i) R (bri Cois 183, C s 145)

~ ATA™
Known at 3-loops!! InS = R (br; as) +2D(br, as) In Q2 2
The Soft function i1s universal!!
dD
. Fcusp
dlnp
D(br; pi) = D (br; i) 0(bre — br) DV (b7) 0(br — br.) D=K

See John’s talk

Universall!

MGE, Idilbi, Scimemi 1402.0869
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The Object (again)

® SIDIS cross-section with a transversely polarized hadron:

e(l) + AV(P) = e(l)) + h(Py,) + X

do
dZEdethdQPhL

= oo(xB,y, Q7) [FUU + sin(¢pp, — ¢s) Fzsflf;l((bh_%)}

Fyu = iHDIS(Q)/O dbbJo(Phib/zn) Y €rfe/a(xn,b;Q)Dyyq(zn,b; Q)

q

3 L d2b —3 . > SOy (8
Flsflilll(gbh ?2) — _HDIS(Q) / (27’(‘)2 € Phb/ hPhJ_ Z egflJ_Z?,(SI%)IS(wBa b; Q)Dh/q(zha b; Q)
q

We have set: ,u2 =Ca=Ch = Q’

Fayale,b;Q) = / ke fopala, k1 Q)

1

| ® Sivers asymmetry is defined as:
Dy q(2,0;Q) = 2 /dQPT €_ZPT'b/ZDh/q(Z,p2T;Q)

1 . . Sin(¢h_¢s)
i ,:,Q) = — / hi ek fi (@, kY Q) Asinen—s) _ For

Fvu

M UrT
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Sivers Asymmetry: The Strategy

Describe unpolarized DY +SIDIS with proper QCD

Evolution and a universal non-perturbative model

® W/Z boson production (CDE DO, CHS)
® DY lepton-patr production at (E288, E605)
® S/DIS process (COMPASS, HERMES)

Model Sivers function and fit it with SIDIS data

and using previously extracted parameters

® SIDIS process (JLab, COMPASS, HERWES)

Flip sign to make predictions for
planned measurements in DY
® DY lepton-patr production (Fermilab, CERN)
® IV boson production (RHIC)

We perform the resummation of large logarithms at NLL accuracy
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Unpolarized DY + SIDIS: Perturbative

® The necessary perturbative ingredients at NLL are:

HDIS’DY(QQ,ILLQ) -1 oL > 3In—~— — In 8—|— — 7T
g

g CF Q2 2 Q2 7T2 2
s s 6

L.O hard part

QCD Evolution Workshop 2014 (Santa Fe, US) 10 Miguel G. Echevarria - Nikbef/VU - May 12th 2014



Unpolarized DY + SIDIS: Perturbative

® The necessary perturbative ingredients at NLL are:

HDIS’DY(QQ,IMQ) 14

2 2 2
asCF a1, Q——InQQ——SjﬂT 12
27 (2 (2 6

L.O hard part

Fn(x, b 1) Z/ Ci/a (— b; M) fa/n(& ) + O Agep)
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Unpolarized DY + SIDIS: Perturbative

® The necessary perturbative ingredients at NLL are:

2 2 2
HDIS,DY(QQ’MQ) L1 asCr 3l Q_ B lan_ 8 m T2
27 (2 (2 6
L.O hard part
> [ %o )
F"L/h(aj b :LL z/a, Ealjnu fa/h ‘S ,LL) + O<bAQCD)
Natural scale: ¢/b
fora(z,b;¢/b) = fora(x,c/b) + - - ¢ — Q¢ VE
LLO coefthficients 1

Dh/q(Z b C/b) Z2Dh/q(z’c/b)_|_...
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Unpolarized DY + SIDIS: Perturbative

- B @ dy Q* | v Q> \ "
R(b; /b, Q) = exp { /c/b m (Fcusp o5 +7 )} (@/b)?)

rt) =cCp
CF 67 7'('2 10
re === R
2 [CA (18 6 ) 9 R”f]
3
VV(l) — _§CF
2b2
DW C;Fl - 5 —  DW(bpu=c/b) =
C
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Unpolarized DY + SIDIS: Perturbative

~ 0 ; 5 5 —D(b;c/b)
R(b;c/b,Q) = exp { [ (F m% " WV) } ((56)2)

J c/b M
rt) =cCp
C 67 w2 10
(2) _ ¥ e R
s 2 [CA(18 6) 9 R”f]
3
VV(l) = _§CF
979
_ DW = CFI ,u2b —  DW(bpu=c/b) =
We take into account the 2 =
thresholds and integrate
analytically
as(p) 1 BiInz ™\ B#In“r—Inz—1 B 2
S\ [ - Pl ) P —2—-|—' m—ln'u
4 Box B x? 0 z? 561 z? AQQCD

For NLL
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Unpolarized DY + SIDIS: Non-Perturbative

® Thus, the perturbative part of the TMD PDF/FF 1s written at NLL as:

“ dp Q2 1%
Foert(z,0;Q) = f(x,c/b)exp —/ ? (Fcusp IHF + ) 1/b> Aqcep
c/b

® We need to separate and parameterize the non-perturbative large b contributions:

pdf ;2 Q d 2 2\ —3g2b°
faja(z,0,Q) = foya(w,c/be) e " exp {—/ n (Fcusp ln% ‘|'”YV)} (Q_>

/b. M Qs
1 o Q dyu Q2 0? ~ 1920

Dy o(2,0;Q) = =Dy, q(2,¢/by) e 1 " exp { — / — (I’CUS In—— +~ ~_

/q( ) 2 /q ¢/b. L b ,u2 Q(2)

Q% = 2.4GeV?
We use here the b* prescription We use simple gaussian NP input
proposed by CSS No x/z dependence
b No flavor-dependence
by = NS ONE g2 1s universal
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® From [Konychev, Nadolsky PLLB'06]:

150 0.3 i
I * Csa=bo " .
140 ¢ " Cs=2by || 0.25 |4 ey
) * < R * .
“<130 * x X | 3, 0.2 | *xox *
= * ok ox ok ok KX & .
120 p m | o1s | -
- | |
HE g |
110 L T 1= 1 0.1 *
0
0.6 ]
i * x X Ji * * ﬁ *
05 || & {1 -005 | :.-. = -
—_ * —~ *
0.4 ol Renormalon 8 Y n
% * analysis (Tafat) > 01 } *
0] [ 1o
= 0.3 % =~ [
1 - g & *
02 [ ____ . W ___ | o015 =
BEx n
0.1 = &l
0 4 -0.2 * i
0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
bmax (GeV-1) bmax (GeV-1)
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Unpolarized DY + SIDIS: Non-Perturbative

by = 1.5 GeV 1

go = 0.184 + 0.018 GeV?

Extracted from DY and W/Z
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Unpolarized DY + SIDIS: Non-Perturbative

® From [Konychev, Nadolsky PLLB'06]:

150 03
I * Ca=bo i.. E N
140 | mCs=2by | 025 |4 “fay
* N; Xx koo, n i}
~130 Fox Lor o H8oal e
= * ok ox ok ok KX & .
120 || = | 015} { -
| |
110 | [remeta = ¢ " ] 0.1 x

L 0.4 : Renormalon < -
) * analysis (Tafat) ([{ @ .01 |} *
S [ | 16
= 0.3 x = [
& - g < *
0.2 ’.-_____--__i_-_’.‘.w.*____ _____ { 1 015 [| =
mETx .
m i *
0.1 n
0 L 4 -0.2 * i
0.5 1 1.5 2 25 0.5 1 1.5 2 25
Bmax (GeV-T) bmax (GeV-1)

e We choose g2=0.16 for bmax=1.5:
Qr/Q)*"

1.4}

—2D"(b;Q;) 12
(Q’c> 10°
Qi 0.8

Q _2|:D(b*7,ub)+f:iz dTﬁFcusp‘i‘%ngQ] 067
(af) 04
)

00!

bmax

1.5 GeV !

go = 0.184 + 0.018 GeV?

os [l ] 0 et
ik | 2% l - i " - Extracted from DY and W/Z

02"
MGE, Idilbi, Schafer, Scimemi EPJC'13
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Unpolarized DY + SIDIS: Non-Perturbative

® Regarding the intrinsic widths:

Schweitzer, Teckentrup, Metz PRD'10

Torino group

(k2 ), = 0.25 — 0.44 GeV? ;
pdf (k1) Qo

Good description of <p721“>Qo = 0.16 — 0.20 GeV* 9 =y
2
HERMES data o = <pi3 QQO
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Unpolarized DY + SIDIS: Non-Perturbative

® Regarding the intrinsic widths:
Schweitzer, Teckentrup, Metz PRD'10

Torino group

(k2 ), = 0.25 — 0.44 GeV? ;
pdf (k1) Qo

Good description of <p72r>Qo = 0.16 — 0.20 GeV* 9 =y
2
HERMES data o = <pi3 QQO

® The tuned parameters that give a good global description of DY +SIDIS are:

k1), = 0.38 GeV?
(p3)o, = 0.19 GeV?
go = 0.16 GeV?
bmax = 1.5 GeV ™!

QCD Evolution Workshop 2014 (Santa Fe, US) 14 Miguel G. Echevarria - Nikbef/VU - May 12th 2014



Unpolarized DY + SIDIS: Non-Perturbative

® Regarding the intrinsic widths:

Schweitzer, Teckentrup, Metz PRD'10

Torino group

(k2 ), = 0.25 — 0.44 GeV? ;
pdf (k1) Qo

Good description of <p72r>Qo = 0.16 — 0.20 GeV* 9 =y
2
HERMES data o = <pi3 QQO

® The tuned parameters that give a good global description of DY +SIDIS are:

k1), = 0.38 GeV?
(p3)o, = 0.19 GeV?
go = 0.16 GeV?
bmax = 1.5 GeV ™!

® TMD factorization works
for qT<Q, so we consider
data accordingly!!
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Unpolarized DY + SIDIS: Non-Perturbative

® Regarding the intrinsic widths:

Schweitzer, Teckentrup, Metz PRD'10

Torino group

(k2 ), = 0.25 — 0.44 GeV? ;
pdf (k1) Qo

Good description of <pf2r>Qo = 0.16 — 0.20 GeV* 9 =y
2
HERMES data o <pi3 QQO

® The tuned parameters that give a good global description of DY +SIDIS are:

k1), = 0.38 GeV?
(p3)o, = 0.19 GeV?
go = 0.16 GeV?
bmax = 1.5 GeV ™!

® TMD factorization works
for qT<Q, so we consider
data accordingly!!
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Unpolarized DY +SIDIS: Plots (1/4)

® W/Z boson production at Tevatron (D0 and CDF) and LHC (CMS)

\®)
N
-]
)
o0
-]
)

3 _ 2
9 i p+p Vs=1.8 TeV @) - p+p Vs=1.8 TeV
5. 2000 [ DO 2 i T
e i * DOW < 600 e CDFZrun 1
&S] i 5 i © D0Z
3 1500 - 3 AN
E 400
1000 I
500 :— 200 |4
O_llllllllllll"'l"" 0_||||||||||||||||||||
0 5 10 15 20 0 5 10 15 20
pr (GeV) py (GeV)
~ 0.08
i p+p Vs=7 TeV
i e CMSZ

/o do/dp (GeV
=)
o
@)\
|

Q

@)

=
I

0.02 |~

O | | | | | | | | | | | | | | | | | | | |
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pr (GeV)
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Unpolarized DY +SIDIS: Plots (2/4)

® DY lepton-pair production at Fermilab (EE288 and E605)

10

Edo/d’p (pb/GeV?)

10

10

10

Edo/d’p (pb/GeV?)

10

10

2

E288 Vs=19.4 GeV

4
@1
e

b

)

02 04 06 08 1 1.2

1.4

pr (GeV)

E288 Vs=27.4 GeV

0
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dN/dz d’p,. (GeV™?)
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Unpolarized DY + SIDIS: Plots (3/4)

e SIDIS Multiplicities at CERN (COMPASS)

COMPASS
Deuteron h*

(Q°)=7.57 GeV”

0O 01 02 03 04 05 06 0.7 08
pr (GeV)

Data from top to
bottom correspond
to different z regions

dN/dz d°p. (GeV™)

p—
-

[Em—

10

COMPASS
Deuteron h

| (Q)=7.57 GeV’
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 01 02 03 04 05 06 07 08
pr (GeV)
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Unpolarized DY + SIDIS: Plots (4/4)

e SIDIS Multiplicities at DESY (HERMES)

~ 10 ~ 10
% HERMES % HERMES
= Proton ' = . Proton
o < 1 F .
Sy s '
% % : ® ¢ o )
Data from top to o _ .
e e bottom correspond \
(xg)=0.117 * to different z regions i (xg) =0.117
(Q*)=245 GeV” S (QY)=245GeV?
L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 10 :_l L1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1
0 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 04 0.5 0.6
pr (GeV) pr (GeV)
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Unpolarized DY + SIDIS: Plots (4/4)

e SIDIS Multiplicities at DESY (HERMES)

~ 10
>
8 HERMES
= +
— o Proton =
o
R °
s 'E
Z .
o) ® ° o
° Data from top to
e e bottom correspond
(Xp) = 0.117 ) to different z regions
(Q%)=2.45 GeV”
| | |1 1 1 | 1 1 1 | 1 1 1 | |1 |
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e}
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Proton

(Q°)=2.45 GeV”

0
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We have a good description of SIDIS+DY data

e

——————— R ——————— ————————— ——————
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Sivers Function: Parameterization

® Sivers function 1s OPEd onto the Qiu-Sterman matrix element:

10 dz1 dx
floéTS;ﬁDIS(vaT;CFau) — Z (—J_) / - QCf/j(Z/xlaz/aj%bT CF :u) TF]/P(xlva;Qa ) + O(bTAQCD)

- 2 T1 T2
j

109
ff‘TSfﬁDIS(z,bT;c/bT) — ( ; )Tpf/p(z z;¢/br) +

® With evolution and non-perturbative model:

1b
fféTSf/DIJS(Z@ Q) = ( 5 )TFf/P(Z z;¢/by)e”

Q d,u Q2 Q2
P { /c/b* " <FCUSp Wz > } <Qo

® We parameterize the Qiu-Sterman function as:

sivers b2

Q% = 2.4GeV?

(arg + 5q)(aq+6q>

TQaF(x7 L, lu) — Nq Qg q
aq? By

20 (1~ 2)% fya e 1)

Kouvaris, Qiu, Vogelsang, Yuan PRD’06
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Sivers Function: Fit

® We use the parameters obtained from the analysis of the unpolarized DY +SIDIS:

Yo, = 0.38 GeV?
(p2)0, = 0.19 GeV?
go = 0.16 GeV?
Dmax = 1.5 GeV ™!

® We fit 11 parameters, chi2/dof=1.3:

x?/d.o.f.=1.3

1.051%&%5 1552;%:22%

0.85115 501 4.85717 395 sivers _ (K21)
0.10610011 —0.1637 o1 T

0.018 0.043
—0.012% 05, —0.105% 540

.04
0.1037555% —1.000£1.757

0.282F0 0fe GeV?
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Sivers Function: Fit

® We use the parameters obtained from the analysis of the unpolarized DY +SIDIS:

Yo, = 0.38 GeV?
(p2)0, = 0.19 GeV?

go = 0.16 GeV?
brnax = 1.5 GeV ™1

® We fit 11 parameters, chi2/dof=1.3:

x?/d.o.f.=1.3

Ly = 1.0517 a0 ag = 1.55277507

Qsea = 0.85170307 B = 4857113 dvers (B2
N, = 0.10675509 Ny = —0.16319:939 g =
N; = —0.01270018 N; = —0.1057004

N, = 0.10319223 Ny = —1.000+£1.757

(k2,) = 0.2827007 Gev?
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Sivers Asymmetry:

® COMPASS proton target

COMPASS Proton

Fow :
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Sivers
A

Sivers

Sivers

Sivers Asymmetry: Fit

® COMPASS deuteron target

12}
5
2
70!
<

COMPASS Deuteron

COMPASS Deuteron

|

—eo-14

025 05 075
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Sivers Asymmetry: Fit

e HERMES proton target
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P5oaf il _
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Sivers Asymmetry: Fit

e HERMES proton target
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® JLAB neutron target

Sivers Asymmetry: Fit

ASivers

ASivers

JLAB Neutron

T
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Sivers Asymmetry: Fit

® Qiu-Sterman function:

X Tq’F(X, X)

(g + By)(@atPa)
Tq F(xaxwu) Nq aq q xaq(l_x)ﬁqfq/A(%U)
aq? Bg
0.1
C . s
0.05 — —
0 f———- +———— — >
0.05 |- N -
i d d S
_0.1 i | IIIIIII| | IIIIIII| | IIIIIII_ | IIIIIII| | IIIIIII| | IIIIIII_ | IIIIIII| | IIIIIII| L L 1Ill
-3 -2 -1 -3 -2 -1 -3 -2 -1
10 10 10 10 10 10 10 10 10 1
X X X

Q% = 2.4GeV?

e SIDIS data only constrain u and d quark flavours. Sea quarks are not constrained.
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Sivers Asymmetry: Predictions for DY

® DY at RHIC: proton(polarized)-proton at Vs=510GeV

z 0.017

< -
0|

Integrate: 001 _

pT: [0,1]GeV :
Q: [4,9]GeV -0.02

003
_004 :u...I....I....I....l....
4 32 -1
7004 7 004
oot W’ 0.03
002 :
0.01F 0.02}
Of
: 001
001F o
002
S I N FEE P A S N

035
-2-15-1-05005 115 2
y
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Forward rapidity region

Prediction: 2%-3%

Prediction: 2%-3%

Integrate:
pT: [0,3]GeV
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y
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Sivers Asymmetry: Predictions for DY

¢ DY at CERN (COMPASS): 190GeV Pi- beam to scatter on polarized proton target. Vs=18.9GeV.

Z
<
Projected measurement
at xF=-0.2
Prediction: 3%-4%

0.02}
0.03]
004+

06-04-02)-0 02 04 0.6

-0.01§

-

\—

Xp

Tp = Ty)— Tp

Polarized hadron

Integrate:
pT: [0,1]GeV
Q: [4,9]GeV

® DY at Fermilab: 120GeV proton beam to scatter on proton target. Either polarized beam or

polarized target. Vs=15.1GeV.

&
Integrate:
pT: [0,1]GeV
Q: [4,9]1GeV

Polarized target

0.02

0.01

—06 -04-0.2 40 02 04 0.6
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Conclusions & Outlook

® TMDs should contain the soft function to be well-defined.

® The evolution of all the 8 TMDPDFs and 8 TMDFFs 1s driven by the same evolution kernel.
® We know the perturbative ingredients to get resummation up to NNLL.

® We found a simple non-perturbative model that can describe reasonably well all SIDIS, DY and
W/Z boson data.

® Using that model and proper QCD evolution, we fit the Sivers asymmetry in SIDIS and made

reliable predictions for DY and W boson to be compared with coming measurements (RHIC,
CERN (COMPASS), Fermilab).

® Improvements: NLL to NNLL, different models, and different ways to avoid the Landau pole.

See Stefano's talk
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Back up slides
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Unpolarized DY +SIDIS

® SIDIS process:

e(f) + A(P) = e(l')+ h(Pp) + X

® We measure the hadron multiplicity:

dN B do do
thdQPhJ_ - deBdQQthd2PhJ_ daﬁBsz

do B oD
daindeZthPhJ_ N 27

HPTS(Q)Y e /O dbbJo(Py1b/zn)fq/a(2 B, b; Q) Dpyg(2h, b; Q)
q

do
q
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Unpolarized DY +SIDIS

® SIDIS process:

e(f) + A(P) = e(l')+ h(Pp) + X

® We measure the hadron multiplicity:

dN B do do
thdQPhJ_ - deBdQQthd2PhJ_ daﬁBsz

do O'(E)IS
daindeZthPhJ_ 27

DI (0 Z / dbbJo(Paib)zn)fara (@5, b; QD g (2 b: Q)

do
q

Well-defined TMDs
Depends just on Q

See John’s talk
We have set: ,u2 =(a=Cy = Q2
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Unpolarized DY +SIDIS

® Drell-Yan process:

A(Pa) + B(Pg) = [y =0T 0 (y,Q.p1) + X

do B
dQ2dyd?p, 27r

%" Y (g Z / AbbJo(pLb) fy/a(Tas b5 Q) fz/5 (0, b5 Q)

® W/Z boson production:

A(P4) +B(Pg) = W/Z(y,p1) + X

doW alV
= 0P (Q Zqu ,2/ dbbJo(qLb) fura(Tasb; Q) Lo /5 (2, b; Q)
dyd=p
do? O'OZ DY 5 5 o0
dyd?p | - %H (Q)Z(Vq +Aq)/o dbbJO(gib)fQ/A(xaab§ Q)fq'/B(%,bS Q)

q
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