ity

®Thomas Jefferson National Accelerator Fac
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Collinear vs TMD factorization

Two types of factorization

Qla QZ, v > AQCD Collinear
Q1> Q2 > AQC’D TMD

« Twist-3 — integration over parton momenta
 TMD - direct information on partonic transverse motion

A+ AN(QZ, pT)

N s PT
Ji, Qiu, Yuan,
Vogelsang, Koike

pr K Q pr ~ Q

~ Q o
pr

>

Intermediate region, both formalisms are applicable and related in SIDIS
Ji, Qiu, Vogelsang, Yuan (2006) etc
Consistent in the overlap region!
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Asymmetry

See talks by Mauro Anselmino, Yuji Koike, Daniel Pitonyak

Consider ANin hadron hadron collision:

. T T [
= 4 e 49l
- ¥ ex ol +o!

One scale PT

Sub process q4, g4, gg

.gefferé)on Lab



Asymmetry

See talk by Les Bland

Consider ANin hadron hadron collision:

L. ] e [
» - *A%o PR
= = & ¥ Tor ol + ol

p’+p—>1° % X at Vs = 200 GeV

<E - ———— STAR, /s =200 GeV, (n_} = 3.2 (PRL 107, 222001}
0 15; ——p—— E764. V5 = 18.4 GoV (PLE 261, 201}
_ - L — o STAR Proliminary, 8= 200 GoV, {n ) = 15
= 0.1
0.4 [~ T'®2.3°03° E
B T m2.3°03° o’ i ?k
C 0.05—
02 -'-‘;f I b
C [ r
< O g g-u-8 A o ++ +
C B ‘
0.2 = P g e —
I L] L ——
oaf ! e
II-I}IEI L .-'}|4. 1 |-0|2I L Illjl L .Olz. 1 .0|4. L IOIB 1 2 0 01 02 03 04 05 06 07 08
Xg XF
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Asymmetry

Consider ANin hadron hadron collision:

L. T T [—
?‘ | _./‘\% Ay — o o
> " ex ol +o!

TMD phenomenology See talk by Mauro Anselmino

Sivers, Collins effects etc

Anselmino, D'Alesio, Murgia, Boglione etc

Twist-3 phenomenology See talks by Yuji Koike, Daniel Pitonyak

Effects in distribution and fragmentation

Vogelsang, Yuan, Koike, Metz, Pitonyak, Kang etc
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Lepton - Proton

A
Consider ANin lepton hadron collision:
/’/ /f.. //
- spin o kh 7
_ Versus // o e
g‘»‘ : E Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2010)
0.3 ———————————— _
L P1=1.5GeV Sivers effect |
0.2 F .
0.1 - 7
Onescale P z ol I
01| _
Sub process Eq : .
02 f i
[ f0 s
03
-0.6 -05 -0.4 -0.3 -0.2 -0.1 0 0.1

XF
Backward region
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TMD

Assuming TMD factorization
Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2010, 2014)

do? 7" =37 fopla, ki Q1) @ d6" T @ Diyy(z, pri Q)

Asymmetry

do — dot — Z{—\fl'i“ $, @ d6 @ Dp, Sivers x Unpolarised FF

+ R @ dAG @ lth 1cos o Transversity x Collins FF

+ h T & dAGT @ A DJ; rf-'-ﬁ::-t«'{r_-hr_'- — 2¢yq4 _,I} Pretselosity x Collins FF
5 &2 + 0> 5 &1 _ .
do ~ 22 T AAG ~ ¢ Elementary cross-sections

I - .Jl'r ;
Qo = O + @
h :

Hard scattering — large Q2 =t = —(pq' —pq)2 > 1 (GGVQ)

.Jeffergon Lab




TMD

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2010, 2014)

Photo-production might dominate cross section and higher orders will

be important ;
'

HERMES (P1=2 GeV)
50 . 14

45 £
20 |
35 |

30

-08 -0.7 -06 -05 -04 -03 -02 001 0 01
X¢

. L : : 2
Monte-carlo TMD integration indicates that in backward region ()° can be large
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Twist-3

Kang, Metz, Qiu, Zhou 2011
Eguchi, Koike, Tanaka 2007

do = H & faf_,fl(g} & Dc/(}‘{2} Kang, Y_uan, Zhou 2010
Metz, Pitonyak 2013

+ H" ® faja@) ® Dejcqs)

4effergon Lab



Twist-3

Kang, Metz, Qiu, Zhou 2011
Eguchi, Koike, Tanaka 2007

odovr _ 8aZ, cL SE P 2 bde 11 Kang, Yuan, Zhou 2010
" BB, s weLthd - “af BS+T/zw Metz, Pitonyak 2013
™ _wia, f oa \ dF g (x,z)\[5§(5% 4 4%)
’ {_ g D) (F‘”T(ﬂ:’m T @ e

M, dff.rhfwz)) {(1 - x].‘}ﬂ.]
1 , ;q Hh 'q s
—ri—t 1) {( (2) dz ;2

1 / §(8%2 4 (z — Da? Lo [Tdz 1 e b NEL
+:H'L"q(z){ ( (53 ) 'Jl -l—Qz“[ L pV LH;*[?‘ (z._zl)[ = }}}

“
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Twist-3

Kang, Metz, Qiu, Zhou 2011
Eguchi, Koike, Tanaka 2007

odovr _ 8aZ, cL SE P 2 bde 11 Kang, Yuan, Zhou 2010
" BB, s weLthd - “af BS+T/zw Metz, Pitonyak 2013
™ g a o dFEp(x ) \[§(82 +4?) pr——
| o (et SB[ sivers

M, dff.rhfwz)) {(1 - x].‘}ﬂ.]
1 , ;q Hh 'q s
—ri—t 1) {( (2) dz ;2

1 / §(8%2 4 (z — Da? Lo [Tdz 1 e b NEL
+—H'L"q(z){ ( (53 ) 'Jl -l—Qz“[ ~ PV LH;*[?‘ (z._zl)[ = }}}

T Fjp(z, 1) = [ffzrﬁ .;-fﬁ'-?(-’*‘-f?f]‘. . Boer, Mulders, Piliman 2003
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Twist-3

Kang, Metz, Qiu, Zhou 2011
Eguchi, Koike, Tanaka 2007

o dovr _ 8o, e S8 PV Z [ dz 1 Kang, Yuan, Zhou 2010
43P, S e 22 S+ T/v =z Metz, Pitonyak 2013
x{— Wf DY (z J(F}Ir(a: r) — dF‘”;f u )F(i;ﬁzq “Sivers”

n _;j"_ - h(x) {(I—?"f"q(z) - zéﬁz:(z)) {(1 _f;’)";ﬂ'l “Collins”

+ = HM(z) {"’(“2 - (:3_ ”“?j] 1 2.2 [x i’? PV B39z, ) E"fﬂ}}

: 2 -3

L3 eps Boer, Mulders, Piljman 2003
hjar s 2 [ o2~ PP lhja, 2.2, Yuan, Zhou 2009
H(z) = 2 [‘f Pl TIEHI '(z.2771) Kang, Yuan, Zhou 2010

Metz, Pitonyak 2013
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dO’(_;T oy dz 1
P[) — . S,u pPY [
h dSP}; _' J_'L hl Z ) '7'3 'G + TK'?’ ‘r

dx

o &2 -2
X{_Ta_”m (2 J(Fﬁr(:c 2) — o Hrr(@:® )[3("“. +a -‘}

M, - dff.rhr’fqz)){(l —Jr).‘}ﬂ.l
- hi(z H"a(z) -z —
—ri—t 1(2) {( (= dz ;2

SIDIS
, i )
HYa(2) = 22 [d""’}}' 2{&}5 Hllh | 2;':]

HY1(2) = =22 B1(2) +2° [ PV B0 ()

See talk by Daniel Pitonyak

Twist-3

Kang, Metz, Qiu, Zhou 2011
Eguchi, Koike, Tanaka 2007
Kang, Yuan, Zhou 2010
Metz, Pitonyak 2013

“Sivers”

“Collins”

an..; } }} “CO”inS-type"

Boer, Mulders, Piljman 2003

Yuan, Zhou 2009
Kang, Yuan, Zhou 2010
Metz, Pitonyak 2013

Metz, Pitonyak 2013
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HERMES data

See talk by Charlotte Van Hulse

HERMES Physics Letters B 728 (2014) 183-150

E [ 100<P; [GeV] < z.zuf 1

gin 4

do = doypy[1+ St siny A; 1:, < I}JE %o 0eq0e * é iiié **é
0fF--=2"000 DQ-#-Q‘-—;————: % §4§$ éiji
sint) = St - (Pr x k)andk = —p r \*% 1 %;
H =0.1f T
. . ﬂ B% scaln uncartal
Left_ < right interchanged, so_that Tp = —ITF PPy [Geﬂﬂ":a I -
positive mean backward hemisphere 0.1F cesese eas AT ...,.++ #**
n;__:mm‘ﬁcch:cf}é; Bad “ 73 {JT%
An¥(zr, Pr)|uerMes = 4\ X (_zp, Pr) 0.} T }
osa<p [Gevi<oss 1
l}.1:— *':_. ..-.-*i** 1
We can use Only PT > ]_ (GeV) u-—!‘..]!!ttlijtji‘} 0 ”ﬂ:p""';.{;ﬁ%%' ————:
Only one bin (Pr) ~ 1 (GeV) pal: t T '5
N:ulué..;pi[éei.q;&.a’s.’ T
.. : 2 2 o T
Additional tagged sample with @~ > 1 (GeV~?) ni__mgnﬂi ;;5_&,.%
E b
-0.4f ® ' ff feo %l
AR k. S A
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See talk by Andrew Puckett

JLab data

JLab Pnys. Rev. C 89, 042201 (2014)

0.2

14

€+ Ny —

4+ X

Definition is such that 0.1
(a)
An(zF)|iLab = —AN(TF) =
0
[ @ 2 o
We can use only Pr > 1 (GeV) 01 . .
a -0.24F
»"-0.26F O T b
v 'UEB;_ I;' [ T NN TR T N S SR M B
0.6 0.65 0.7
P, [GeVic]
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Phenomenology TMD

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)

Ingredients
Sivers and Collins mechanisms

SIDIS I: Sivers extraction 2005 (Anselmino et al, 05) with Kretzer FF (Kretzer 2000),
Transversity and Collins FF extraction 2007 (Anselmino et al. 07)

SIDIS II: Sivers extraction 2009 with sea quarks (Anselmino et al. 09)
with DSS FF (De Florian-Sassot-Stratmann 07),
Transversity and Collins FF extraction 2009 (Anselmino et al. 09)

All uncertainties are estimated in extractions as envelope of parameters that
generate the error band (200 copies)

4effergon Lab



Phenomenology TMD: SIDIS |

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)
inclusive [backward target hemisph.]

inclusive [backward target hemisph.]
O?:— T LA EEL L AL LI B L UL 02 T T T LA B L L B
L . Sivers ........... ] | i Sivers ...........
L Ip->n" X Collins ] L Ip->7m X Collins
- Pr=1.0 GeV fotal - - Pr=1.0 GeV Total -
0.2 r l . 0.1 r .
£5 o1 . |
< I S — .
AEFEERR R i
0 . _ .
~ SIDIS 1 SIDIS 1
_O‘I P R T NN R RO R S AN SN SR NN T AT SR ST T T SR S ST N S T PR S S T NN SR TR S SR NSNS SR SR S NS S S S N T | L
0 01 02 03 04 05 06 0 01 02 03 04 05 06
XF

XF
Collins contribution is suppressed, Sivers dominates.

Flat behavior in L F
Sivers extraction 2005 with Kretzer FF, ™ dominated by u quark and unfavored FF

.Jeffergon Lab




Phenomenology TMD: SIDIS I

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)

inclusive [backward target hemisph.] inclusive [backward target hemisph.]
0.3 LA B AL BN AL B R NN AL 0.2 LA L R B AL B L L B L
| N Slvers EELELLEEET] i | ) Slvers EamssamamEE
Ip>a X Collins ] L Ilp>n X Collins
- P;=1.0 GeV Total - P;=1.0 GeV Total
0.2 . 0.1 r .
Y pe——— | < '!* . _
pheybaatiy?
0t - 0.1t .
- SIDIS 2 SIDIS 2
_D."I TN SR TN TN NN TN TN TN T Y TN TN N N T TN N Y NN N TN N N Y Y N N | I TN TN TN [N TN TN TN TN N TN TN TN TN AN TN TN TN T N TN N TN TN A TN T SO |
0 0.1 02 03 04 05 06 0 0.1 02 03 04 05 06
Xg Xp

Collins contribution is suppressed, Sivers dominates. 7" similar to SIDIS .
Flat behavior in L F

Sivers extraction 2009 with DSS FF, ™ dominated by d quark and favored FF
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Phenomenology twist-3

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

Ingredients
Fir(z,2) related to Sivers, Sivers extraction 2009 with sea quarks (Anselmino et al. 09)

H"1(z) related to Collins FF, Transversity and Collins FF extraction 2013
(Anselmino et al. 13)

HY(2), H} P (2,21)  functions from PP, (Kanazawa, Koike, Metz, Pitonyak 14)

All uncertainties are estimated in extractions as envelope of parameters that
generate the error band only for Sivers and Collins

4effergon Lab



Phenomenology: twist-3

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

0.6 0.6 -
T sum
0.5 , Sivers
! 0.4 o Collins
04—
— . = Collins-type "-'-1:2
0.3- 0.2
0.2
0

0.1

0 0.2
0.1 | | | | | |

Collins contribution is suppressed, Sivers dominates for Tt

Sivers extraction 2009 with DSS FF. @ dominated by “Collins-type” contribution.

Error bands are underestimated as error on Hp,? is not included

4effergon Lab



Phenomenology: twist-3

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

Hy? =0 allows for a comparison with TMD results directly

0.6 0.1
0.5 +
7 0
04—
= =
0.2+ 0.2k
01—
AL PLT T L L ¢ 0.3
0
01 ! ! ! ! ! ! ! 04
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.6 0.4 -0.2 0 0.2 0.4 0.6
XF KF

_|_

Collins contribution is not suppressed, Sivers dominates. @ "7 similar to TMD
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Phenomenology: comparison

Gamberg, Kang, Metz, Pitonyak, AP (to appear)
Hy2 =0 allows for a comparison with TMD results

0.6 0.1
0.5 0 +..‘_=.$¢+
Fa <
0.1 .
0.3
twist-3
0.2 02
01—
-0.3
0
0.1 I I I I I ! I 0.4
06 -04 -0.2 0 0.2 0.4 0.6 06 04 -0.2 0 0.2 0.4 0.6
X . Xr . . .
Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)
inclusive [backward target hemisph.] inclusive [backward target hemisph.]
0.3 T T 0.2 T T
Sivers e Sivers e
Ip->n X Collins lp>m X Collins
P1=1.0 GeV Total Pr=1.0 GeV Total
0.2 r B 01 r B
5 04 l & of *"lliii $ |
4 LN #  EXRE ] *
0 -0.1
SIDIS 2 SIDIS 2
0.1 1 1 1 1 1 1 1 I I 1
0 0.1 02 03 04 05 06 0 0.1 02 03 04 05 06
Xg Xp

Same signs of asymmetry. Twist-3 is bigger in absolute value. Same behavior in LF
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Phenomenology: twist-3

Gamberg, Kang, Metz, Pitonyak, AP (to appear)
Hy2 =0 allows for a comparison with TMD results

1
0.6 0.1
| 0.8
0.5 0 +..‘_=.$¢+
2 0.41= 2 06
< 0.3 < -0.1 -
04
0.2 02
0.1 02t
o%eg00g00 03
0
O 1 1 1
0.1 I I I I I | I 04 -1 -0.5 0 0.5 1
06 -04 -0.2 0 0.2 0.4 0.6 06 04 -0.2 0 0.2 0.4 0.6 Xp
X . Xr . . .
Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)
inclusive [backward target hemisph.] inclusive [backward target hemisph.]
0.3 T T 0.2 T T
. Sivers e . Sivers e
Ip->n X Collins Ilp->m X Collins
P=1.0 GeV Total P;=1.0 GeV Total
0.2 r B 01 r B
5 o4 l & of *"llii $ ]
A ITI R
0 -0.1
SIDIS 2 SIDIS 2
01 1 1 1 1 1 1 1 L L 1
0 0.1 02 03 04 05 06 0 0.1 02 03 04 05 06
Xg Xp

Same signs of asymmetry. Twist-3 is bigger in absolute value. Same behavior in LF
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Electron lon Collider

Predictions

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

Forward region zp <0

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)

p' along + Z..n, i.e. forward region = zr > 0

behaviour similarto Ay in p'p — wX

+
Vs =63 (GeV) T
0.4+ — U
—— IVETS
PT =3 (GGV) Colli
03l I T T NT T aaaas ollins
0.2
01—
0
0.1 | | | | | 1 | | 1
-08 -06 -04 -0.2 0 0.2 04 06 0.8
Xg
50 GeV - inclusive 50 GeV - inclusive
0.3 T — 0.3 —
o Sivers s 0 Sivers e
pl-=m X Collins pl-=m X Collins
P;=1.0 GeV Total P;=2.0 GeV Total
0.2 0.2
01 / i F 01} i
D : _ D _ J ]
SIDIS 1 SIDIS 1
D‘| L L 1 | | D-] | | | | |
06 04 02 0 0.2 04 08 06 -04 02 0 02 04 08
Xp Xp
Pr =1 GeV Pr =2 GeV

Same signs of asymmetry in both formalisms
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Predictions

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

Electron lon Collider

TE+

Sum

— e = IVETS
______ Collins

0.2

T

Sum

— w3 VTS
...... Collins
— 1 el-0llINS-type

{2 0.1 0.1
0.05 0.05
0
-0.05 -0.05
-0.1 | ] | ] | ] ] 01 | ] ] | ]
0 2 4 5] 10 12 14 16 0 2 10 12 14 16
P, (GeV) P, (GeV)

Similar behavior to PP, see talk by Daniel Pitonyak
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Conclusions

« AN Inlp - h X is considered in TMD and twist-3 approaches
e Similar size and sign of asymmetry in both approaches

* Role of new “Collins-like” contributions to be investigated
further

* NLO corrections are to be investigated and cross-section
experimental measurements are very welcome

4effe-20n Lab




Back up slides
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HERMES: DIS sample

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)
lepton-tagged - SIDIS 1

DIS cuts, 0.2<2,=0.7 D5 cuts, 0.2=2,<0.7
04 T - T 0.5 ———
L . SiVErs e A GBS e ]
L Collins ] og L1P=EX Caollins
03| x=02 Total —— ] T g=02 Toal
[ ] 0.3
02 F o
. | B 02
< L S :
o1} 01 l
of ¢
[ = 1 01t
L 5051 ; SIMS51
0.1 : . : -0.2 : . :
0.5 1 1.5 2 2.5 0.5 1 15 2 2.5
Pt (GeV) Py (GeV)

e Collins effect only partially suppressed (Collins phase picks to —1)
e Sivers effect sizeable (cancelation in w— due to the large role of up quark)
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HERMES: DIS sample

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)
lepton-tagged - SIDIS 2

DIS cuts, 0.2<2,<0.7 DIS cuts, 0.2<2,<0.7

0.4 , — 0.5 ———t
L . Sivars - o SIVETS o ]
[ lp-»n X Collins ] oa | lp>= X Callins 1
03| x=02 Toal —— ] Tl ox=02 Toial ]
[ ] 03l .
0z | - ot ]
S l | - -
o1l ok -] 0. .
[ ot ;

0k
I c 1 o1 b ]
L SI0Is 2 ; SIDIS 2
I:l_ 'I 1 1 1 _Dz 1 1 1
0.5 1 1.5 2 25 0.5 1 1.5 2 25
Pt (Gel) Py (GeV)

e Collins effect: larger w.r.t. SIDIS 1 (transversity unsuppressed at large )
e Sivers effect: no cancelation in w— (same large = behaviour of up and down quarks)
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Predictions: JLab

Anselmino. Boalione. D'Alesio, Melis, Murgia, AP (2014)

Predictions: JLab 12

inclusive [backward targat hemisph.]
T

inclusive [backward targat hemisph.]
T T T T T 3 T T T
Sivers - o Sivers
p->atX Collins p-=u'X Collins
P;=1.0 GeV Total P;=1.0 GeV Total
E 02t E
— == ] B e —— ]
0.1 g = o1 g
of E ok i
SIDHS 1 JLab 12 SIDNs 2 JLab 12
-I:I_ I 1 1 1 1 1 - -l:_ I 1 1 1 1 1 -
O 01 02 03 04 05 06 O 01 02 03 04 05 06
L L
inclusive [backward target hemisph.] inclusive [backward target hemisph.]
0.2 T T T T 0.2 T T T T
Sivers Sivers
p-=m X Collins p-=m X Collins
P,=1.0GeV Total P,=1.0GeV Total
ot E ot
0.1 1 01 b 1
SIS JLab 12 SN 2 JLab 12
02 03 04 05 06 O 01 02 03 04 05 06
L
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Predictions: COMPASS

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)

4effergon Lab



Error band

Anselmino, Boglione, D'Alesio, Melis, Murgia, AP (2014)

Statistical error band

¢-f (o)

- N measurements y; at known points x;, with variance r:r
- F'(x;; a) depends non-linearly on M unknown parameters a;.
- Best fit: x2. — ay

Error band: all sets of parameters such that x*(a;) < x2, +Ax?
- Ax? = 1 « 1-0: small errors, uncorrelated parameters, linearity, x> parabolic
- Ax*: fixed according to the coverage probability

Fa%gy 2 1 9 | A S21—1 5
P:/ orrAs/oy | o exp | —— | dy
gm;;g](z) ]( v) !

P= probability that true set of parameters falls inside the M -hypervolume

[P = 0.68 < 1-0, P = 0.95 < 2-0]
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HERMES: DIS sample

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

doyp 207 - /'] dz 1 1 Y 52 4 42
P'[]' - m a2 - - ql: ) DM gy . i
h diiph g Zq: q 1 - _:2 S + T"' y .J]rl | ]' 1\ ]' 3

0.2 < 2z2<0.7

0.6 " 0.6 -
[ Sum T Sum
——— givlnla_rﬁ — — gi;rltle_ra
- assmss olmns L ammmsssr ins
0.4 0.4 — = COlliNs-type
< <
0.2 0.2+
0 0 e — = R
0.2 — 0.2
| | | | | | | 1 | | | |
1 1.2 1.4 1.6 1.8 2 1 1.2 1.4 1.6 1.8 P
P; (GeV) P; (GeV)
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Predictions: JLab

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

0.6 0.6 =
T sum
—= i

04 aaaas
04—
< <
0.2+
0
| | | | | | | | | |
0.8 0.6 0.4 0.2 0 0.2 04 0.6 (] -0.8 0.6 0.4 0.2 0 0.2 04 06 0.8
Xg X;
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0.5

0.4

0.3

0.2

0.1

-0.1

+
T Sum

—  SIVETS
o mmaa ollins
- . « COllins-type

Predictions: COMPASS

Gamberg, Kang, Metz, Pitonyak, AP (to appear)

0.5 -
0.4+ LSUI‘I‘I
' —_— Sivers
- = u umn COlliNS
= 0.3 — . . Collins-type
<L 0.2
0 ‘*-:j 7 - —_————
0 =
-0.2 —
03U I I I I I I I I
08 06 -04 02 0 02 04 06 08
Xg
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