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TMD FF map

Unpolarized

)

leading twist
Sh<1/2

Quark polarization

Longitudinally Polarized Transversely Polarized

(L)

(T)

1 Y
D] H i 3 "
Unpolarized Collins
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TMD FF map

leading twist

: - q
Sh<1/2
Quark polarization
Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L) (T)
D - HJ_ B -(9
Sh — O §] 1 1 )
Unpolarized Collins
1
L GIL O ’- 0 ’ HIL P ‘- d ‘
-~ -
- -~ -~ Hl 8 =
! D llT ) GlT B L -~ -~
v HIT £ =

most of the time, detection of final unpolarized mesons (1T, K..)
= use only first row of table



TMD FF map

leading twist

: - q
Sh<1/2
Quark polarization
Unpolarized Longitudinally Polarized
(V) (L)
L - (g
Sh — 1/2 §] D] - H1 - |
Unpolarized Collins
1
L GIL O ’- S . HIL P ’- d ’
-~ -
= -~ - Hl ¥ -
! D llT J T Gir ) e o
v 7 (P

data on AT production from BELLE / COMPASS ( and CERN- NA48/OPAL/ATLAS

| HERA-B
3 @;’)&'} old FermilLab )
BELLE \\_’_//




collinear FF map

leading twist
Sh<1/2

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

) (L) (T)

U D, )

Unpolarized




collinear FF map

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(u) (L) (1)
. DI - | L > q
Unpolarized
L G- (O
H® -& )
-
)

“standard”

analysis of ete-data for T+, K+ 0.1=z< 0.9 Ex: JAMFF



collinear FF map

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L) (T)

D o
U 1

Unpolarized
L G- (O

-~ -~

T

“standard”

analysis of ete-data for T+, K+ 0.1=z< 0.9 Ex: JAMFF

1st. ASR15 (only 11, no error)
then NNFF1.0 (“standard” data + p)

=)



collinear FF map

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L) (T)

D o
U 1

Unpolarized
L G- (O

-~ -~

T

“standard”

analysis of ete-data for T+, K+ 0.1=z< 0.9 Ex: JAMFF

1st. ASR15 (only 11, no error)
then NNFF1.0 (“standard” data + p)

AKSR17 (only 11¢, no error, small z)

=)



collinear FF map

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L) (T)

D, -

Unpolarized

“standard”

analysis of ete-data for T+, K+ 0.1=z< 0.9 Ex: JAMFF

1st. ASR15 (only 11, no error)
then NNFF1.0 (“standard” data + p)

AKSRT7 (only 1%, no error, small z)
QlelsLIRil DSS 2015 (T1%) + DSS 2017 (K*) : e*e-, SIDIS, p-p data

=)



collinear 1t FF at NLO: DSS 2015

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(v) (L) (T)

D, () 0—»@ h=Tr

De Florian, Sassot, Epele, Hernandez-Pinto, Stratmann, P.R. D91 (15) 014035

DSS 2007 — major update DSS 2015 (only for g— 1)

- more/better data for ete- (BELLE, BaBar) - “’V

- SIDIS (Hermes, COMPASS) b= com
: - p-p data (STAR), also on 1=/ T+ M
first time - LHC (ALICE) Shn @

use of LHC data - new error analysis

Iterative Hessian (IH) + |[|N|| x2-penalty
- 973 data points, 28 parameters [ 0.05= Z |

- global x2/dof ~ 2.2 = 1.2



collinear 1t FF at NLO: DSS 2015

f =
144 Hermes multiplicities

s 2015 —
DSS 2007

11

MT (2,.Q°)

—— THIS FIT
with 68 and 90% C.L. bands

- — - DSS

< HERMES |- multiplicities

—_

Q’ [GeV]

5 8

Q’ [GeV]

(MSTW +)
DSS 2007 = DSS 2015

HERMES data X2
2.86" i =

De Florian, Sassot, Epele, Hernandez-Pinto, Stratmann, P.R. D91 (15) 014035



collinear 1t FF at NLO: DSS 2015

De Florian, Sassot, Epele, Hernandez-Pinto, Stratmann, P.R. D91 (15) 014035

caveat

Y=~ major improvement only for
total up & down channels:
rel. uncertainty =10% for 0.2< z< 0.8

E 1
(=]
00 =

1 1
—

o =
¢ T 5
O z}ruqz I0J Kjure)rsoun ‘o1
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C 1 1
(=]

—
W
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Jos

—
(93

_ - Compass data for SIDIS multiplicities
15 71 A e 1 N _ for deute ron ta rget on Iy

- - - DSS C =

—_

L1 1
&
n

,_.
W

C1 111 1 111 1 17
=
O

& =
.O'2) u!qz 10J Kjure)rsoun ‘o1
+

(4

- for other channels, improvement upon
DSS 2007 only: for 0:2-"z 205

—_

C1 1111 1111 17
&
n
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collinear K FF at NLO: DSS 2017

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(v) (L) (T)

D, () 0—»@ h=K

De Florian, Epele, Hernandez-Pinto, Sassot, Stratmann, PR. D95 (17) 094019

DSS 2007 — major update DSS 2017 for q—K

talks Schnell - newer precise data for ete- (BELLE, BaBar)

Stolarski - final (Hermes) and new (COMPASS) SIDIS data % @7’
* Drachenberg - new p-p data (STAR), also on K*/ K~ - e
- LHC data (ALICE) on K/ 11 3l

- same error analysis as for Tt FF

- 1194 data points, 20 parameters [ 0.1 Z |
- global x2/dof ~ 1.83 — 1.08




collinear K FF at NLO: DSS 2017

Bl 207
DSS 2007

new precise data

>
o

BELLE

I T T T I T T T I T T T I T T T T T T
\/ (data - theory) / theory

04 ;_ (data - theory) / theory

not fitted
L L L

domppds
7

multiplicities

14

0.8

0.6

04

02

0.8

0.6

0.4

02

02 04
_I T I III<+-I I T T T I T T T I T T T l T T I T T T I T T T I T T T I T T T J [
M, COMPASS b FFs 90% C.L. If
—— THIS FIT 1C o PDFs 90% CL: C
4L N\ JF
= e - — DSS 07 Sl o8 aC
\o 4 F .
o o\\ a1
\o o [+0.2]
000000000
E x=0.004-0.01 At
I 1 1 I 1 1 1 I I 1 1 T
I T T I T T T I I

02 04 06 08
Z

02 04 06 038
Z

N a1

= & 35 i R Al
+0. 03< 4

3 5 ~ [+0.25] d

+0 + \Q:;m -

01‘5 22 0.2' -s 2 - Mm”m:

| 15 <y <0. A5< | 2<y<03 |
— x=0.10-0.14 O‘%‘mywﬁ— C 1<y<0.15— [~ x=0.18-0.40 0.15<y <0277
_I 1 I | L] I I I AN I 11 | T _I 1 I 11 | I 11 1 I 11 1 I P ap-] -I _I 1 I P | TELY N | I et L) I | T
1 02 04 06 038 . 1 1

— stronger constraint on 2 and
valence u+u and s+s

DSS 2007 — DSS 2017
(+ MMHT14)

global x2
1.83 — 1.08

(z,Q2) and (z,x) projections
— better flavor separation

De Florian et al., PR. D95 (17) 094019



collinear K FF at NLO: DSS 2017

caveat

De Florian, Epele, Hernandez-Pinto, Sassot, Stratmann, PR. D95 (17) 094019

|mportant for s(x) extraction

/ s==== THIS FIT

with 68 and 90% C.L. bands |

0.7

0.6

-~ pssor | - good global fit including
p-p data only if pr> 5

GeV

05 |

04

03

= DSS 2007 within errors
i — is gluon constrained
(data - theory) / theory :: from p—p data?

T 77T ]
i

6 S R O e [ e
pr [GeV]

- best fit with flavor symmetric unfavored
channels; SIDIS data not enough sensitive

- problem with z < 0.2 in BaBar data
15



collinear FF at NLO: JAMFF

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(v) (L) (T)

D, (z) ‘—>©h:1'r,K

Sato, Ethier, Melnitchouk, Hirai, Kumano, Accardi, PR. D94 (16) 114004

- only ete- data from SLAC + LEP + KEK + DESY
- 459 data for 11, 391 for K [ 0.05= z= 0.95 ]
- 18 parameters for 11, 24 for K

- lterative Monte Carlo methodology ﬁ

= global x2/dof ~ 1.31 (11) , 1.01 (K)




collinear FF at NLO:

¢ =q+q
2 =1 GeV2

02 04 06 08 02 04 06 03 02 04 06 08

Sato, Ethier, Melnitchouk, Hirai, Kumano, Accardi, PR. D94 (16) 114004



collinear 1t FF at NNLO: ASR15

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(v) (L) (T)

D, () 0—»@ h=Tr

Anderle, Stratmann, Ringer, PR. D92 (15) 114017

- only et e~ data from reduced set of
SLAC + LEP + KEK + DESY

- 288 data points [ 0.075= z= 0.95 ]

- 16 parameters

- global x2/dof: LO=0.89
NLO=0.70
NNLO=0.64




collinear 1t FF at NNLO: ASR15

TR LA L L L LA B Scaleuncertainty
B Tu=Q/2 T i
o SR 1 {dolQn2], dolQl, dol2Q )
1 — ~——< do
08 [ N [Q]
0.6 -_IQ=}OSGICV | | | | | I_-
12 ’
1- j<—-
08 [ ’
0.6 -_I Q=?9.OGI6V | | | | | | -
Lo [T T T benefits of NNLO
14 _
12 | —Eigo ] .
1 —————— - smaller scale uncertainty
8:23 Q=91.2GeV k - more flat K factor — |

01 02 03 04 05 06 07 08 7 0.9

Anderle, Ringer, Stratmann, P.R. D92 (15) 114017



collinear 1t FF at NNLO: ASR15

Anderle, Ringer, Stratmann,

PR.D92 (15) 114017 Q2 =10 GeV?
2 ! ' -
- —— NNLO
[ --- NLO
—_ S LO -
NO 1L5E — — Kretzer NLO 1 L
5 L e DSS 14 NLO -
N, C incl. 90% C.L. band

DSS 2015
NLO

-1
10 7z 1

— smaller data set w.r.t. “standard”

caveat - no statistical error analysis

- NLO for some channels is incompatible with
previous DSS 2015




collinear FF at NNLO: NNFF1.0

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L) (T

Dz ® — @ =t K,(;5>

Bertone, Carrazza, Hartland, Nocera, Rojo, E.P.J]. C77 (17) 516

- only ete- data from SLAC + LEP + KEK + DESY
- 1173 data points [ 0.02 /0.075= z= 0.9 |

- same NN method as for NNPDFx.x
- 185 parameters for a 4-layers NN with 2-5-3-1 nodes

more details * talk Bertone



collinear FF at NNLO: NNFF1.0

X?/Naay (h =7%) X?/Naas (h = K*) X?/Naas (h = p/p)
tension between Exp. LO NLO NNLO LO NLO NNLO LO NLO NNLO

BELLE 060 011 009 021 032 033 010 031 050

BaBar & BELLE (large z) BABAR Lol 177 078 28 L1 095 4T 375 35

TASSO12 070 085 087 110 1.03  1.02 069 070  0.72

TASSO14 155 1.67 170 217 213 207 132 125  1.22

TASSO22 164 191 191 214 277 262 098 092 093

TPC (incl.) 046 0.65 085 094 1.09 1.0l  1.04 110  1.08

o r. TPC (uds tag) 0.78  0.55 0.49 — — — — — —

> Stabl I lty TPC (c tag) 055 053 052 @ —  — — S — —

TPC (b tag) 144 143 143  — - S -

LO ‘ NLO H NNLO ‘ M T L e o
TASSO34 116 098  1.00 027 044 036 082 081  0.78

TASSO44 201 224 234 - S -

TOPAZ 1.04 082 080 061 119 099 079 121  1.19

1 3 3 ALEPH 1.68 090 078 047 055 056  1.36 143  1.28
E E DELPHI (incl.) 144 179 186 028 033 034 048 049  0.49

3 3 LO DELPHI (uds tag) 1.30 148 154  1.38 149 132 047 046  0.45

j j NLO DELPHI (b tag) 121 099 095 058 049 052 089 089  0.91

v NNLO OPAL 229 1.8  1.84 167 157 166  —  — —

Lo SLD (incl.) 233 114 083 086 062 057 066 0.65  0.64

] R — Q=10 GeV SLD (uds tag) 095 065 052 131 1.02 093 077 076  0.78

e - SR SLD (c tag) 333 133 106 092 047 038 122 122 1.1
§§$§z§@mﬁmm"__ ] SLD (b tag) 045 038 036 059 0.67 062 112 129  1.33
Total dataset 1.44 1.02 087 1.02 078 0.73 1.31 1.23 1.17

E_ T LI | T -I_"- Ty
E T
zDg (z,Q)

QO
QX
RN

very good overall x2

N\
X ST

AP RS
S N SRS S
o
"Q“\é“?‘é“}““@‘, 'vs‘%t‘ ’9‘{“‘“‘0‘“‘ V‘\“‘ﬁ‘\\“‘\\‘ﬁ
YRR AR R Q“‘é“\““‘\“ o “‘:“:‘s‘:,:

AANNNIR IR s SR
B NN

SN
0

O =N O—=-DMN O N P OO OKW O—-DMN O—=-N O WO O©DMN

Nocera, Rojo, E.P.J. C77 (17) 516




comparison at NLO: NNFF1.0 - JAMFF - DSS

T g Bertone, Carrazza, Hartland, Nocera, Rojo, E.P.J]. C77 (17) 516

3 NI

E T 1E L

3 ZDU+(Z,Q) 3 ?}}‘}}%\‘\\«»\\§\~\ ZDd++S+(Z,Q)
3 SIS

NNFF1.0 1c XY
DEHSS 68% CL
— e ——— JAM 16 B8N

D i,

ol b bbb bobinl

Y1 YL T I I

T T T T
e Ratio to NNFF1.04 £ il
I e bR FEEse————— Q=10 GeV, NLO

differences due to
different z cuts

(target mass corrections at low z!)

__RatiotoNNFF1.QE

VL

" “\“-.

\\\\\\\\\‘&‘\“\\\\“

wil bbb bl boled G
ol benben bbby bl 7

in fact, similar cuts give
similar results
(particularly for gluon)

P o W
v NORHER
N

O—=NMN O =N O N OO OW O—-N O—=-DN O WO © N

expect larger uncertainty » talk Bertone

larger NN uncertainty on D8 (NLO only) than Dq
where less or no data _ visible in NNF1.0

- not visible in DSS15 (bound from p-p data?)
- not visible in JAMFF (rigid functional form?)



collinear 1t FF at NNLO+NNLL: AKSR17

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(v) (L) (T)

Unpolarized

first extraction with resummation
at NNLO + NNLL : AKSR17

= R0le7s 00210101

6 ; : : .
B = — h=TT and small I
| e B (q =Tt and small z only
S
4 OPAL(TOT) —=—
DELPHI(TOT) =

TPC(TOT) ——
BELLE(TOT) + - e
BABAR-PRT(TOT) - 3

- only et e~ data from
SLAC + LEP + KEK + DESY
- 436 data points, 19 parameters

w SR
o e
[ R
o .."’.

E_ accuracy x> norm shift x? /dof

LO 1260.78 29.02 2.89
NLO 354.10 10.93 0.81
NNLO 330.08 8.87 0.76
LO+LL 405.54 9.83 0.93
NLO4NNLL 352.28 NI 0.81
NNLO+NNLL 329.96 8.77 0.76

Anderle, Kaufmann, Stratmann, Ringer, PR. D95 (17) 054003



collinear D* FF at NLO

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
D@z o - h = D*

npolarize NLO analysis ( q— h=D* only )

T - LEP ete- data e
— ATLAS, ALICE, CDF, LHCb p-p—D* X Iiﬂ!
- ATLAS p-p—(jet D*) X arLas @
- 96 data points, 9 parameters

- global x2/dof ~ 1.18

T ] T e e e LN s e A AT BB T
| THISFIT —— g « 0.02 ; notfltted %‘ THIS FIT —— 1
05 ' KKKs08 - - - i 3 9 Al % KKKS08 - - -
4 001 ¥ 10 F %50 : [2<n<25]x10 el | F
E N E N [25<n<3]x102% ]
. . ! . 0 o i EN - [B<n<3.5]x10; —*— ]
04 u =10GeV 105 L 2% » : [3.5<n<4]><104%’;% |
I g i [4<n<45]x10" —— A
—— ‘ 1
I ! =
(\l; 0.37 r ey ‘4115 ; =
N = )
. - = 1 3 O]
a._ —— =1 o)
ST £ 105 3 / !
L ] <
i d d §
epenaence 8
L (g T 2 .8
ek - | { 1.5 2
I gluon c 51:
3 I
D RS s = — = - (P, {05 &
‘‘‘‘‘‘‘ = ] <
| | | | | | | | | | | | | | | | 0

0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
z z

Anderle, Kaufmann, Stratmann, Ringer,Vitev, PR. D96 (17) 034028
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Unpolarized Collins
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unpolarized TMD FF

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

) (T)

What do we know about the P, dependence of D !



unpolarized TMD FF

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(v) (L) (T)

1. Does the Phrdependence change with

2. Does the Prrdependence change with

3. Does the Prrdependence change with
4. Does the Phrdependence change with




unpolarized TMD FF

,A g
Kokt o PV2013, TO2014
o R ICIS: FIKV14) PV2016
\/21 ( ¥
Vi

TASSO (DESY)

' 102017
MARKII (SLAC) €TSS section

PLUTO (DESY) <Pnhr*>



D: from unintegrated SIDIS multiplicities

M — do?. /dx dz dP?, dQ? N > g ¢ [fl ® D] (x, 2, Pip; Q)
dopis/dx dQ? > cq fi(z;Q?)
Pl%T/Z <K Q2

,I‘ — = target: proton, deuteron O R TPUNE | - LT PP /;Za[;)e;i;n(]e;)alo.} e
- 2688 points T e, |

04 06<2<08 7 eproton | 01[06<2<08
.

iiiiiiii

Ve
UUUUU
L)

1 0.5 1 0.5 1
P, [GeV] P,,[GeV]

sit Q*(GeV/c)’ "

02<2<0.3 \ \
"o. 3

about 5000 data points o o & =
OMPAS - target: deuteron I

AN
NN
\..

\_./ /= final state: Aghasyan et al., L
/ - h*, h= (run 2004) PR.D97 (18) 032006 acar, OV o

/.
N
d\vdiva

- 11+, 71, K+, K= (run 2006)

10-2\"-
* talk Bressan m;\'“\"'\"' »t Gevier
29 ‘ 1 2 3 1 2=3ﬁ3 1 2 3H X

0003 0008 0013 0020 0032 0055 0.1 021 04



D: from unintegrated SIDIS multiplicities

available fits

Framework Hermes « Compass | # points

Pavia 2013 Gaussian <p12>q (2)

Bacchetta et al., / parametlers v X 1538
JHEP 1311 (13) 194 no evolution

o Gaussian <pt2>
Torino 2014 (I parameter) v 4 576 (H)

Anselmino et al., only collinear DGLAP evolution | sgparately | separately 6284 (C)
JHEP 1404 (14) 005 N,=A+By (y=Q%xs) (C)

1 Framework of TMD evolution {

EIKV 2014 TMD framework, NLL level 1 bi Q2 )
Echevarria et al., not a real fit N (X’ ) ()
PR.D89 (14) 074013

. TMD framework, NLL level

Pavia 2016

Bacchetta et al., first global fit v v 8156
JHEP 1706 (17) 081 (includes DY and Z9)




D from old ete- data

: | MVARNN
available fits Framework  # points SLUTO

1l Framework of TMD evolution |

LO + LL analysis
o 1) Gaussian with
Torino 2017 | _, ...\ > 1000/ - y ¥
Boglione et al., 2) Power law with
PL.B772(17) 78 =0+ log(Q/Qo)
peak & normalization fitted

- fit of TASSO, .
cross-check on MARKII (+ PLUTO) £ 7 T,
- hints of pr-broadening with Q §11j g
- power law good, Gaussian bad o - =

- zintegrated, <z>=0.1 p1/<z>~Q [14-44 GeV] TMD factor. broken?

- need to extend to pr=3 GeV to reproduce <pt2>
- equivalent fit with Hp # TMD factorization

caveat



What do we know about D; (z, Ph1) ?

|. does Pt dependence change with flavor ?



What do we know about D; (z, Ph1) ?

does Ph1 dependence change with flavor !

Pavia 2013 Torino 2014 Pavia 2016

- (Hermes) (Hermes) (global)
K fav > 1T fav flavor indep.— x2/dof =|Ki¥, flavor indep.
- unfav > fav = x2/dof =KL, global X2/d0f~
EEQ %%: (flavor dep. in progress)

1.0»..1........-.-......-i .....

1b 11 12 13 14
(P

2= unfav > fav

)(2/dof —

—



What do we know about D; (z, Ph1) ?

does Ph1 dependence change with flavor !

Pavia 2013 Torino 2014 Pavia 2016

- (Hermes) (Hermes) (global)
Kfav > 1rfav flavor indep.— x2/dof =|Ki¥, flavor indep.

19 unfav > fav = x2/dof =KL, global X2/d0f~

—_— —~

ER. D \o.2<z< 03 fa 03<z<04 (flavor dep. in progress)
10 ccpmccacmcmacaccacaacammnn- g _ E_ 'l E_ “.
1.b 11 12 13 14 ‘é; 10 1 y "'8,. . ."l='=
: {PLn < 107 ° ' :
e unfav >fav o ; .

x2/dof — iwmuwmm Answer :
04<z< 06 O.6<z< 08 sise
N visible at large z

107 g,
102 F

OMP. _3§ e Te ¢ "
107 E, , , B .

/s A %
/ 2 dwmbtmasoghan 5 5 -WMAAAAMé A4

/’

__________________________________________________________________________

Aghasyan et al., - . 1% . .
0 1 2 30 1 2 3
PR.D97 (18) 032006 Pl (GeVic)



What do we know about D; (z, Ph1) ?

does Pht dependence change with z !



What do we know about D; (z, Ph1) ?

does Pht dependence change with z !

Bacchetta et al., JHEP 1706 (17) 081

Pavia 2016

) (P40 (1 2p

<Pi%T>(Z) = <P}%T> (2P +0)(1—2)

B=2.68+0.08
0=336+0.12 2=05
Y = 0.04 + 0.004



(P’ ) (GeVicy

04

0.2

0.6
0.4

0.2r

What do we know about D; (z, Pht) ?

does Pht dependence change with z !

0.003 < x <0.008

L 217 < Q*/(GeVic)’ <3

| *1 < QGeVic) < 1.7]

L 0.008 <x <0.013

23 < Q*/GeVic) <7

LY 7 < Q°/(GeVic)) <16 |

I 0013 <x<0.02

L+ 16 < Q*/(GeVic)> <81 |

I 0.02<x<0.032

I A ]
- & I on B A et
' . ° [ & | et i
i e ° L P ¢ VAL d
*® d;l ® ovB
_% K L % ‘% ®
10032 <x <0055 | 0055<x<0.1 0.1<x<0.21 021 <x<04
Y v
v
Z ‘A' """ v - ¢ A Y
oy e = A - v ¢
L ‘v}‘“;f ) v oo . A v
o T v o X ’
o B v oY
............ MR | M| M | MR | MR | MR | MR | MR | |
02 04 06 0.2 04 06 0.2 04 0.6 0.2 04 0.6
z2

Answer:

nonlinear z? dependence
at large z (small x, Q?2)

detected  fragm. initial
hadron  parton parton
2 2 2 2
"""" (Pip) = (PL) + 27 (k1)
Gaussian  0.25 0.28

Bacchetta et al., JHEP 1706 (17) 081

Pavia 2016

2 oy o) (-2
B=2.68+0.08
0=336+0.12 2=0.5

Y = 0.04 + 0.004



What do we know about D; (z, Pht) ?

3. does Pt dependence change with energy V's ?

<pt2> of Gaussian

T T T T T T 1 0.4 |
TASSO fit estimate
0.6 - B i TASSO & .
PLUTO & p
0.3 |- B
0.4 — ’,4'/ — N_| B )
a
e T v g ¢
.' COMPASS 0.2 - % i
02 - T \HERMES n ! gl |
JLab o
0.1 | ' | . | . |
0 T R R R 10 20 30 40
0 100 200 300 s (GeV?) Vs
Schweitzer, Teckentrup, Metz, PR. D81 (10) 094019 Boglione, Gonzalez, Taghavi, PL. B772 (17) 78

Answer: it is likely,

but heed better e*te™ data




What do we know about Dq (z, Pht) ?

4. does Pn1 dependence change with scale Q2 ?

Il
£y Q ower law ~
D1 o= Qg+ 1 log@ P (p% _I_p’%O)a
'E ---- Q2=2.4 GeV?2 Sioi | o
—— Q2=10 GeV? 0 .
e ---- Q2=1000 GeV2 = A - -
= 8
10 = o
- o
\\ é el = A )
\\ ';’
\ A
102 | B 2.0 e
- N |
| | | \\ 14 22 35 44
0 0.5 1 15 2R (GeV) U9 = Q (GeV)

Kang, Prokudin, Sun,Yuan, PR. D93 (16) 014009 Boglione, Gonzalez, Taghavi, PL. B772 (17) 78

log-like behavior
observed (so far..)

strong dependence

predicted



What do we know about D; (z, Pht) ?

4. does Pnt dependence change with scale Q2!

@:’ ’ Bacchetta et al., o
) D(e,e’ ht) eyt Pavia 2016

2>= 2 — 2
Aghasyan et al., PR. D97 (18) 032006 <Q*>= 2 3 GeV

(x)=0.055, (QP)=2. GeV? (x)=0.055, (@P)=3. GeV? (x)=0.055, (@%)=4.8 GeV? (x)=0.055, (Q®)=8. GeV?

1 0.003 <x<0.008 L0008 <x<0013 | 0013<x<0.02 [ 0.02<x<0.032

) GeVley

L 5 I s I I
| *1 < Q/GeVIc)? < 1.7] *3 < QNGeVIe) <7 |, 16 < Q*(GeVic) < 81 |

8,

JE L 27.7 < Q/(GeV/c)> < 3L Y7 < Q% /(GeVic)> <16 | A I A /mﬁ\
0.4_ B ] B é dh B A o 61

L I I I o 3

e P s PR O m

L * L L [ ] L
02" * L L

4
. . A N S R S
06-0032<x<0055 | 0055<x<0.1 | 0.1<x<021 | 021<x<04 /luﬂm\
| , [ .
oL LT
v I
I pll
0 ) ) ) ) . 0 ) ) ) ) . 0 ) ) ) ) ) 0 ) ) ) ) )
0.0 0.2 4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
.................................... Pur Pur
z2 —_
<x> = 0.055

02 04 06 02 04 06 02 04 06 02 04 06
x2/dof =1.49

2

(P

o
[ ]

w
w»

0.4f Z - v ¢ R \
r il A v ¢
3 Z f ° A MEPA R v
& v $2 v

02k o ¢

at SIDIS scales, very moderately




The matching problem in SIDIS

SIDIS unpolarized do
N - 2 q q 2 D 2 2
cross section gy dzaPZdge ~ 2% U1 © DIl (@) + Y (Q%.ah) + O(M*/Q?)
q
28 2
ar = Pip/z
dO’R; collinear extrapolation (basl) 2 need to match collinear
) M” < qp e (fixed-order) description such that
M2« g2 < @ collinear description
(good) E daf{, daf{,
T SENT G AP IR
gz <1Q° | 5 L
e \ 7 9r = P/
TMD description (good) TMD extrapolation (bad)

various prescriptions

Collins, Gamberg, Prokudin, Rogers, Sato, Wang,
PR.D94 (16) 034014

Echevarria, Kasemets, Lansberg, Pisano, Signori,

arXiv:1801.01480



The factorization problem in SIDIS

factorization th.’s for (current) fragmentation
and (target) fracture functions assume that

current and target regions are well separated [ 7

: . 5 1 8Pfj P S
in rapidity =5 log -
2 " ° P

current target

at e % at on stil|

. it's ok
Y term is relevant at ElC 1ts o

it’s true for few Pt
rh; = 0.1 Q* =2 GeV? rh; = 0.1 Q* =10 GeV* rp; = 0.1 Q* = 10° GeV?

!

|

Py (GeV?)

current target

Boglione, Collins, Gamberg, Gonzalez, Rogers, Sato,
PL.B766 (17) 245




The anticorrelation problem in SIDIS

[D] Signori, Bacchetta, Radici
. Schweitzer, Teckentrup, Metz

. Anselmino et al., HERMES

[ Anselmino et al., HERMES, high z

. Anselmino et al., COMPASS

' \'. |:| Anselmino et al., COMPASS, high z, norm.
I Torino 14

[ ] Echevarria, 1dilbi, Kang, Vitev
/ D Bacchetta, Delcarro, Pisano, Radici, Signori

07 0303 07 0T 0% 07 /5
(K2)(x=0.1)[GeV?] <I€ 1 >



The anticorrelation problem in SIDIS

B[] signori, Bacchetta, Radici

. Schweitzer, Teckentrup, Metz

. Anselmino et al., HERMES

. Anselmino et al., HERMES, high z

. Anselmino et al., COMPASS

a \'. |:| Anselmino et al., COMPASS, high z, norm.
{ Torino 14 [ ] Echevarria, 1dilbi, Kang, Vitev

/ D Bacchetta, Delcarro, Pisano, Radici, Signori

07 0303 07 0T 0% 07 /5
(K2)(x=0.1)[GeV?] <k J_>

need independent determination of <Ph712>

— extract D (z,Pn7) from large set of e*e™ data



cross section

Fa} - N
- Eeomm_* ete ®
CRT el P 0.10<2,<0.15 !,.:. 0.15<2,<0.20 'lgg. 020 <z,<0.25 il. 0.25 <2, <0.30 030<2z,<0.35
8 F A m® e g ‘ 2
3 _F [ Y [ §
FUus s 10 : : ty
oty % E
_— sE

d“oidz dk., [fb]

“thrust-axis” frame

deidz dk., [fb]

do
dz dPhT

doidz dk , [fb]

D

Lo

BELLE

“E ..... fﬁﬂ ............. %ﬂﬁﬁ ................. L ...................... .p+ Monte Carlo

R. Seid], talk at SPIN2016 ’ . . k,[GeviI . . Ky [GeV] 4 4 k, [GeV] Si mu Iation
> | Phr|

preliminary Belle data




ete- unintegrated multiplicity

ElE i) [y X Lo doMefdz dz PR pdy X, 2 (D] ® D)1, 20 PR i Q)
hy doinaldzidu > q €3 D1(22; Q)
) bt 2
. = <Q

M(zl 22 IPﬁT) / M(zl 22 10)

h 7 = b Gauss)
< 0 .
" \2%*’ --*""?P;W 0 R QB.E o ]
fixed-hadron” frame RS .
| o ‘\::;;:_\_\ exp. error M
Dz b 0% = R(O?. 1.2(b+ B R eT
1(Z7 T Q ) = (Q mub( T max)) [ ‘\‘ e W N N
Brax=1.0 N S
_ 1 2 QL | el e Sl T .
o BT 5SS DIy b ) R
bra=0.5 N _
g-064 4=0.5,2=0.5 S S
parameters of nonperturbative evolution L Y S W —

ParlGeV’]

Bacchetta et al., JHEP 1511 (15) 076

sensitivity to C+ in
o : Mo = Cq /bt
a /7% error at BELLE scale can constrain Ci/2 <Cq <2 Cs

nonperturbative parameters {bmax, g2}



TMD FF map

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L) (T)
— D o HJ_ 3 - 9
Sh — O U 1 1 )
Unpolarized Collins
1
L GIL > P- w0 P HIL p> - »
-~ -
- -~ -~ Hl RN
T DJ_ ~ - O GlT - - -
IT v I o
H IT | ® ) =&

What do we know about the Collins function ?




ete- Collins effect

“thrust axis” frame : Aqo “fixed hadron” frame : Ao

not obvious QCD generalization of
TMD factorization formula
because of thrust axis definition

S sin” 6 Zq 2 [H1 q(217P1T)®H1 q(z27P2T)] (Zl,ZQ,PE_L)
Ay ¢ ~ cos 29 T
>, € | Di(1,027) ® Di(25,031) | (21, 22, P2

1+ cos2 0

P
..®...—>/dP1TdP2T5<p1T—I—P2T+A)

e Z1
Rowp = 22 |
oy Unlike Like

Unlike-sign R < U g Sete TR T P e

Like-sign i mtr— + -t ot o me

: : u QR o : .

Unlike-sign Roop a1 LA o e = e all 7 to kill false asymmetries

Charged i, mtrs + ot all 7



Data for ete- Collins effect

D Abe et al., PR.L. 96 (06) 232002 Az )
</ Seidl et al., PR. D78 (08) 032011
BELLE D86 (12) 039905(E) Ao YU/LIC (z4, z2)
s= Q2=112 GeV? # talk Seidl

Atz Y EE(Z 1 Z o R i)

Lees et al., PR. D90 (14) 052003 AO U/L/C (21, 22, P'IT)
E Lees et al., PR. D92 (15) 111101 A12U/LIC (24, 22) (K analRma
s=Q2=112 GeV2 I pal
Q AoU/LIC (24, o)

%Sm Ablikim et al., PR.L. 116 (16) 042001 AO U/L/C (21, ZZ, P1T)

s=Q2=13 GeV?
s talk Anulli



Data for ete- Collins effect

D Abe et al., PR.L. 96 (06) 232002 Az )
</ Seidl et al., PR. D78 (08) 032011
BELLE D86 (12) 039905(E) Ao YU/LIC (z4, z2)
s= Q2=112 GeV? # talk Seidl

A12Y/L/C(Z1, Z A

Lees et al., PR. D90 (14) 052003 AO U/L/C (21, 22, P'IT)
Lees et al., PR. D92 (15) 111101 ApU/LIC (Z1, 22) K andIKIip s
e — 2
s=Q 112 GeV AOU/L/C(Z1,ZZ)

B'ES]H Ablikim et al., PR.L. 116 (16) 042001 Ao Y/ L1C (21, Z2, P17)

Bl 5. CeVe phase transition :

direct access to transverse dynamics
and to its chiral-odd QCD evolution




ete- Collins effect

. both perform global fits (SIDIS + ete-)
available fits with x2/dof in [0.85 - 1.2]

BaBar ’ BESII|
Framework Belle | Ao(zi,22,P17) v Ao(z1,22,P17)
J/L/c P

Gaussian, fixed width

Torino 2015 various params. for fav (z)

unfav (z) = Nunf D1(2) : :
Anselmino et al., Bl chica)-odd collinear] % v |22 predicted predicted

PR.D92 (15) 114023 DGLAP evolution
> parameters

TMD evolution in CSS

scheme
KPSY 2015 at NLO + NLL level
ol R Pl v v 122 X predicted
ang et al.,
PR.D93 (16) 014009 fav (z) # unfav (2)

only homogeneous evo egs.
/ parameters

LB 0T = > (50, © HO) (2, b ) o5 919 2 oD B b )

1



Moments of Collins function

0.2
favored '

N |
ks | Anselmino et al.,
N 1(1/2)g—h a PR.D92 (15) 114023
ANDy g (2) = 4H7 PR () :
1 P2 \" N Anselmino et al.,
H ™ (2) z/dPL— ( 25) Hi(z, P?) PR. D87 (13) 094019
2 \ z m; -
E
S Torino 2013
unfavored <

Torino 2015

N Amemino el 2013 | TOFINO 2013
= KPSY 2015
- similar results 7?
- both very good x?/dof
— RUY/RL or RY/RC
nO}:r \ﬁ[l;y Sen|Sit°ive to 5?%65361](; 6) 014009
evolution




Predicting the Ji@)II| asymmetry

o (T 4T pto (T 4T o (YT T geter all mm
0 nto— 4+t 0 atat +7 7~ 0 ntn— 4+ 7wt 0 all
5 b 9 S 9 9 015 ' ' ' ' ' 0.15
IS S Tori 2015 ISR NN
AV AT AT AT AT A O r I n O AV AY AT AT AV AR °
AR AR AR R T KRR AR AR Torino 2015
025 T T T T T T 0.1 E 0.08 T T 0.1
0.2} l i | ‘ 0.06 | I { s
D<(o <C
0.15 | ] ] ]
So 0.05 } I ; 8<° oo 005 1
< 01y ] ' 0.02 | | i b
0.05 | i f oo I N ] !
I _ N
ot . -0.02 S — - - - - -
-0.05 T — . . . . . SN N NN 0 02 04 06 08 1
> D D v v © 0O 02 04 06 08 1 A'\L &\‘ 1}\‘ &\” A,\‘ &\‘ (Z'l ;22) P, [GeV]

P [GeV] NN RN AN NN

Anselmino et al., PR. D92 (15) 114023

0.2F oA, - oA ]
4 Ay : 9 0.15F *fu E
0.15 “m- A, prediction : E 3 - 4 Ayc ]
0.1F =% Ay prediction I 0.1F ™Ay prediction * 3
: . ¥ A, prediction
0.05 - "
0.05F s S .
Ablikim et al., 0 " : = + _
PR.L. 116 (16) 042001 (z1 z) i R
| | | | | | J Z 0 0-5 1
02 03 05 0902 03 05 O 9z pt(GeV)
0.2 0.3 0.5 09 AOUL KPSY 201 5
predictions =

AoUC KPSY 2015



TMD evolution on Collins funct.

......... Q2 = 2.4 GeV?2
.......... — ()2 =10 GeV?2
¢ ----- 2 = 1000 GeV?
KPSY 2015
- Kang et al.,
different broadening | | . 2 D(16)014009
v P, (GeV)
in the early range
Qo2 — 10+20 GeV?2
Qf:SGeV
0,=10GeV EIS 2014
Input model (std)
z=0.1

Echevarria, Idilbi, Scimemi,

PR.D90 (14) 014003




Collins funct. for Kaons

64 data: AoU'VC for m K and KK pairs

Lees et al., PR. D92 (15) 111101

Torino 2016

- same pr dependence as for 1t (Gaussian with fixed parameter)
- z dependence as D197K(z)

- only non-chiral-odd DGLAP evolution of z-dependence

- 2 parameters: normalization for favored u and unfavored

- global x?/dof = 0.89 ANDgr () = 4B 82 (2)

1, u— K+
0.08 mm—mm—m—mm————————

0.06 |

- favored u—K* determined and positive
- favored s— K~ undetermined (also in sign)

0.04

N
Z A DK+/U(Z)

- unfavored undetermined

0.02 |
because of too few data |

Anselmino et al., PR.D93 (16) 034025



Collins effect for hadron-in-jet

PH angle of - collinear collision,TMD only in fragmentation

(Prv/pje) plane and - assuming factorization at large Piject
(Pbeam, Pjet) plane

q 1
gen(6s—om) hi® fy @ Hi"
fi e fi®Dy

Adamczyk et al. (STAR), PR. D97 (18) 032004
;I _|pT+p—>jet+7ri+X \'s = 500 GeV
&” 005 U<T,< T = 3T0G
c
n

jet

— | ®@ STAR 2011 7"

PDF & TMDFF from <C [ [olsmhzons
SIDIS + e*e™ analysis ol Sesiase

- === DMP+2013 (no evolution) -

Anselmino et al., PR. D87 (13) 094019 B o I:%EI
D’Alesio et al., PL. B773 (17) 300 T Model Gurves Nocatiuo = o
—0.05 __ ---- DMP+2013 =<~ KPRY ==== KPRY-NLL )

=4 KPRY (no evolution) N T T e T

SR RANIR (TMD evolution) 01 0.2 0.3 0.4 0.5 0.6

Kan I.,PL.B774 (17) 635 : : . :
e " is Collins function for quark universal ?
. . . . —
talks Pisano, Scimemi gluon signature: ?}rjlgqﬁs qu)l

Drachenberg




TMD FF map

leading twist

: - q
Sh<1/2
Quark polarization
Unpolarized Longitudinally Polarized
(V) (L)
L - (g
Sh — 1/2 §] D] - H1 - |
Unpolarized Collins
1
L GIL O ’- S . HIL P ’- d ’
-~ -
= -~ - Hl ¥ -
! D llT J T Gir ) e o
v 7 (P

data on AT production from BELLE / COMPASS ( and CERN- NA48/OPAL/ATLAS

| HERA-B
3 @;’)&'} old FermilLab )
BELLE \\_’_//




Access to Dq1L

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
(v) (L) (T)
DI ~ [-[1l 3) - (¢ \ ( )
) Unpolarized Collins | D1 TL Z/ PhT ‘ > q
L GlL o - (o HllL s -2 » ]
v R encodes “spontaneous” polarization of h
T DlT > i Gipr o - gL A~

1 dN PN\
=1 P cosf, \ 5
N dcos0), e / &

assuming TMD factorization,

p-Be and p-p data from Fermilab ;
can be interpretedas i ® ) DR
e fl R fl R Dq Anselmino, Boer, D’ Alesio, Murg1a PR.D63 (01) 054029
B e S e e [P G S 01 Er -1
VOB T B S e | '
P, | it AR e e o
dop turns out too small w.r.t. data " ;| b
factorization broken? e | i =
04 ¢ S o DG s B 04 w0 pr=[1-15] 1 |
T (A e [~ pr=[1.5-2] ]
_05|||XF[0708]| 05- ‘}A”‘pT>2 [ [ [ [ ]
# talk Boer 05 e SR TGS SRl 0.1 02 03 04 05 06 07 08 09
pr (GeV) =



A polarization data

Unpolarized

)

Quark polarization

Longitudinally Polarized Transversely Polarized

(L)

(T)

Ditl (z, Phr) e

i -
U D, ¢ Hle
Unpolarized Collins
1 N
L G]L o P 0 ’ HIL o " d ’
-
1 A s a2 H,
T DIT ~ - ° GIT O «© n ‘
v H 1T | #

encodes “spontaneous” polarization of h

new data from Belle on ete” — /\T(/:\T) + X

extraction of D11L never attempted from ete- so far

D

Lo

BELLE
Abdesselam et al. (BELLE),
arXiv:1611.06448

ete” = AT(AT) + Ti(K) + X
with full (za, PAT) dependence

ongoing attempt to interpret data in
collinear factorization up to twist-3 and NLO:
Pan < D1(z) “intrinsic twist-3”

Schlegel, Transversity 2017



A polarization data

ete- > AT +X 0.1 _ :
0.08 _Belle Preliminary i ] _ A + x
0.06F - - -
th 5 0.04t 0-2<z,<0.3 | 0.3<z,<0.4 . 0.4<z,<0.5 3 0.5<z,<0.9
N Opserecccduraccactencnans e e e e SLECEITLIEELTELEELE
G -0.02} | L - O
. O -0.04} : ] e »9
ey —+—l—‘l" -
. Q- —oo0s} i ‘ P T
-0.08} 3 : -+——-
- o fb—— . M 1, 1 M | : N N U B R
“thrust-axis” frame
Py

05 1 15 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5
7> rising |P| decreasing |P)| rising |P|

Lo

=0
Abdesselam et al. (BELLE), P Preliminary wA + 7
arXiv:1611.06448 S o BA+T
O 07 0.2<z <0.3 | 0.3<z,<0.4 0.4<z <0.5 0.5<z,<0.9
B | o ~ « at large za
N o] IS S P S TP
thrust _ — - M - SR WS DO |arization
= [EEEEI SORTRE R TRre & o S :
B 5 S g T * Pl S e el Changes sion
_02 PR PR BPRN B PR T S N | " PR T SR T S N PR T IR N
040608 04 06 08 04 06 08 04 06 08
Z:r‘(:t') Zrt‘(n‘) zrt‘(n') zzt*(n')

”thrust—” frame # talk Seidl?



SIDIS A polarization data

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(v) (L) )

D, Hi(e) -(2)
Unpolarized Collins H1 (Z) ‘

L GIL o-’-co’ HIJL p»_ d’.

. i) ¢ N\ “transversity”
| 09| Gd-a | .

new data from COMPASS on [pT = AT+ X

% Moretti, Transversity 2017
St \//’

/
y |
g *
/
scattering plane production plane /
decay plane

collinear kinematics

hy HY
fi Dy

A rest frame




SIDIS A polarization data

| COMPASS preliminary OMP
% osb A - all candidates /ﬁ Moretti, Transversity 2017
8 y
0.6
04
0.2

Pa (X,z,p1) ~ O also for A

—0.25— % % %
i S 2 Hp.'s based on isospin symmetry and
o COMPASS preliminary ’ hclj ~ FFCY ~ O : FFS — CFFU
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