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Uutline of the talk

1) Transverse Momentum Dependent distributions ([TMDs]
2] phenomenology : latest extraction of unpolarized TMDs

3] what’s next - formalism and phenomenology

Disclaimer :
the focus is on the latest extraction

- we should keep in mind the full picture -
[room for discussion during this workshop!)
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\WWhich hadron structure ?

H(k. P A)

Y [ dk

1]
H(rx. k.E.b) €« H(x. k.E.A)

[ dk~ v (x.k.b)

W
'_I.h"‘)k
I [ ‘ “-tf"k
v 11 ,
[ d°b H(x.£.b) == H(x.£.A\%)
T

f(x.z) <> f(z.k) f(x.b)

Y 'I't."_r'.l" l
[ d?k
J b [doa” > oo Ani(A2) (26)*

] ,
f(x) F,(b) < [,(A%

From: Modelling the nucleon structure
by M. Burkardt and B. Pasquini (left)
The European PhVSIcaI Journal A Introduction to GPDs and TMDs

Volume 52/ No 6 (June 201 6) by Markus Diehl (right)




\WWhich hadron structure ?

H(k. P A)

Y [ dk

1]
H(rx. k.E.b) €« H(x. k.E.A)

Jak= (x.k.b)

W
'_I.h"‘)k
I {4 ‘ “-tf"k
|\ 1]
/ [ d’h H(x.£.b) == H(x.£.A\%)

9 |
fle.z) <> f(x.k) f(x.b)

\ Y 'I't."_r'.l" l
r !3“:
\ /ﬂ/ffb \\ [ dez” S teo Au(A2) (26)*

] ,
f(x) F,(b) < [,(A%

From: Modelling the nucleon structure
by M. Burkardt and B. Pasquini (left)
The European PhVSIcaI Journal A Introduction to GPDs and TMDs

Volume 52/ No 6 (June 201 6) by Markus Diehl (right)




\WWhich hadron structure ?
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each projection
carries only a portion

of the

complete picture

complementary

information

(TMDs, GPDs, etc.)

Is essential to
have a global
understanding
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guark TMD PDFs
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bold : also collinear
red : time-reversal odd (universality properties)

extraction of a quark
not collinear with the proton
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guark TMD PDFs
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bold : also collinear
red : time-reversal odd (universality properties)
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|LF

extraction of a quark
not collinear with the proton

a similar scheme holds for
TMD FFs and gluons

Jefferson Lab

r—



Extraction of unpolarized TMDs

In collaboration with:;

- A. Bacchetta, F. Delcarro, C. Pisano, M. Radici
Pavia University, IT
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\Why studying unpolarized TMDs 7

1) Nlucleon tomography:
improve our knowledge of 1D and 3D hadron structure (focus on high-x from JLab)]

2] this program is fundamental for high-energy phenomenology to predict gr spectra and
to iImprove our investigations of BGM physics.

Open questions :

1) what is the functional form of TMDs at low transverse momentum ?

2] what is its kinematic and flavor dependence ?

3) how can we separate the descriptions at low and high transverse momenta ?
4] how can we match TMD and collinear factorization ?

D) can we test the generalized universality of TMDs ?

6] can we perform a global fit of TMDs ?
) P g /7
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\\Vhere : hard scattering data

M7 setterton o> =
Jefferson Lab [

v ED
Where can we access armes Bollo T wsrParc (D)

TMDs today? @ S
\-»j BES]]I %BABAR relativistic heavy ion collider LHC ooe

... and tomorrow ? EIC LH.C ,:’I:: FTE coe

infernational linear collider
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\\Vhere : hard scattering data
>

&rmes

TMDs today? @
N

Where can we access

Fixed-target DY
and Z production 1}
(Tevatron)

| SIDIS at low Q:
multi-dim. data  }
! (xzGQPw)

crucial information
here: only in order to access the
unpolarized structure of the

nonperturbative part — )

N Jefferson Lab



\\WVhat do we know *

(a selection of results)

|3

Framework [ HERMES |COMPASS DY £ . |N of points
production
KN 2006 LO-NLL X X v v 03
hep-ph/0506225
Pavia 2013 NO evo
(+Amsterdam, Bilbao) 74 X X X 1538
oas0aasey | QM)
Tori(no 2())1 4 No evo v v X X 576 (H)
+JLab
1315 BOB (QPM) | (separately) | (separately) 6284 (C)
DEMS 2014 I\ lo-NNLL| x X v v 003
arXiv:140/.3311
EI.W 2014 LO-NLL |1 (x,Q9) bin|1 (x,Q?) bin v 4 500 (?)
arXiv:1401.50/8
[ courtesy A. Bacchetta ) — )
o " Jefferson Lab



http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1401.5078
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(a selection of results)
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Framework [ HERMES |COMPASS DY £ . |N of points
production
KN 2006 ONLL y y P p 0
hep-ph/0506225
Pavia 2013 NO evo
(+Amsterdam, Bilbao) 74 X X X 1538
osnaasey | QM)
Tori(no 2())1 4 No evo v v X X 576 (H)
+JLab
1315 BOB (QPM) | (separately) | (separately) 6284 (C)
DEMS 2014 I\ lo-NNLL| x X v v 003
arXiv:140/.3311
EI.W 2014 LO-NLL |1 (x,Q9) bin|1 (x,Q?) bin v 4 500 (?)
arXiv:1401.50/8
Pavia 2017 LO-NLL v v v v 8059
(+JLab)
[ courtesy A. Bacchetta ) — )
o " Jefferson Lab



http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1401.5078

Features

Framework| HERMES |COMPASS| DY £ IN of points
production
+JLab)
PROs CONs
almost a global fit of . y
guark unpolarized TMDs no “pure”info on TMD FFs

includes TMD evolution

replica methodology

kinematic dependence
In intrinsic part of TMDs

Intrinsic momentum: beyond
the Gaussian assumption

accuracy of TMD evolution :
not the state of the art

only “low” transverse momentum

(no fixed order and Y-term]

flavor separation : problematic

Jefferson Lab
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How : factorization

TMD factorization :

W-term : a hard part (H) and two TMDs (F) matching

do ~ H Fi/A(ai, kr;p,Ca) ® Fj/B(377 kr;p,C) +Y(gr; Q) + O(A/Q)

power corrections

co
tion - fact
] matching
. region
< >
; Y
aT
Aqep Q

Jefferson Lab



\\Vhat : perturbative & nonperturbative

choosing the scales:

(aj bT Q Q2) (:E bT :ubmu'b)

Qd Q2 LK (br;u;) gK(bT§{>‘}D
exp{ —wF s (1), Q2 /i) b (&

N\ &

Sudakov form factor : perturbative  and (nonper'tur'bative):ontributions




\\WVhat : perturbative & nonperturbative

FT of TMDs :
Fi(xa br; Q, Q2) — Fz(ma br Mg s M%)X

Q 4 2\ K (brss) Lox (bri{A})
v Q)
exp{ / g (1), Q% /1)

. 2

a“\

Sudakov form factor : perturbative  and (nonper'tur'bative):ontributions

L Collinear distribution!
(input) TMD distribution : Wilson coefficients and(m'-l‘lnmc par@/(

F(CU bT 'ub"ub Z Cz/] L, bT :ubv:ub ®fj Ly Uy (Fz NP €L, bT {)\}

1=9,9,9

Nonperturbative parts defined in a "negative” way : observed-calculable

"y
Jefferson Lab



Nonperturbative models

Distribution for intrinsic transverse momentum - .
(and its FT): [Fi,NP(xv br; {)‘}D

a Gaussian ?

Soft gluon emission (QK (bT§ {)‘}D

_y
Jefferson Lab



Nonperturbative models

Distribution for intrinsic transverse momentum - .
(and its FT): [Fi,NP(xv br; {)‘}D

a Gaussian ?

Soft gluon emission (QK (bT§ {)‘}))

Separation of br regions

/ bmax 9 bT — +00

[[;T(bT; bmirn bmax)j ~ bT 9 bmin < bT < bmax
~ bmin , bT — 0

High bt limit : avoid Landau pole

Low bt limit : recover fixed order expression

A

Jefferson Lab
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Transverse momenta

olDIS

hadron

TMD FF

proton TMD PDF

2 —



Intrinsic transverse momentum

1 1+ \k3 L ) 1 — )@ 20
{ffNP(x7ki) — ; <kﬁ_(> n )\ <JI;)3_ >2 = <kLa>J <k2La,>(x) — <k3_a> El L ;;a :;O'

a

weighted sum of two Gaussians
same widths for distributions, different widths fragmentations

1 1 _ = __p?
DSz 12 = — (e Plosn) + (Ap/2°)P% e <P,L2a—>h>)
T (P2 )+ (Ar/22) (P22 (Ar/7°)

- 1
P}, ;) (2) = (Pi, - -
Inspired from diquark models (PLasn) (Ploosn) (2P +0) (1 -2

(Eur.Phys.d. A45 (2010) 373-388] 2=0.5

For fane and Dane we have 10 free parameters
(flavor independent case] /7

22 >



Models - evolution and bt regions

b2
g (br; g2) = —927T

4

]_ — e_b%/bfnax / bmaX ’

I;(bT; bmina bmax) = bmax (

Dnax = 2~ TF

bmin = 2”7 /Q) bmax

1.2F

These choices guarantee that for :
¢ Q=1 GeV the TMD coincides with
the NP model

Q=20 Ge Ve ity
0.5 1.0 18 2.0 bT (Gev_’l )

23



Models - evolution and bt regions

1 o e_b%/bmax> /V bmax ’ bT — +00

b(bT§ bmina bmaX) = bmax ( 1 — 6_b4 /0% in

™ bmln ) bT — 0
(bun~1/Q. 1<Q) .
The phenomenologlcal |mpor‘tance i : b
| l max

. of bmin is a signal that -especially in ;,f
i SIDIS data at low @- we are exiting §
. the proper TMD region and :

! approaching the region of collinear
; factorization

24 . S | 0.5 N 1.0 NELEE 1.5 R 2.0 bT (Gev_’l)



Data sets and selections

HERMES
p—aT

HERMES | HERMES
p— T P — KT

HERMES
p— K~

Cuts

Points

Reference |

2 -

0.2 < z<0.7
02Q,0.7Qz

e At

190

~f

+0

.5 GeV

187

Max. Q?

9.2 GeV?

x range

0.06 <z <04

SIDIS

TMD factorization (Pht/z << Q%)

avoid target fragmentation (low z]
and exclusive contributions [high z]

In order to avoid the problems
with the normalization in COMPASS data
(see Compass coll., Erratum]

HERMES

D —xt

HERMES | HERMES
D — 7 D KT

HERMES
D — K~

COMPASS
D — ht

COMPASS
D — h™

Reference

B 2 —

0.2 < 2z<0.7
enat L SMin0.2 Q0.7 Q2] £0.5 GeV

189

3125 3127

9.2 GeV?

10 GeV?

x range

0.06 <z <04

Notes

¢ Observable: muorm

D006 <z <012

Jefferson Lab




Data sets and selections

E288 200 | E288 300 E288 400 E605 TMD factorization [gr << Q2]

Reece | 165]

NG 19.4 GeV | 23.8 GeV 27.4 GeV 38.8 GeV
Q range | 4-9 GeV | 4-9 GeV | 5-9, 11-14 GeV | 7-9, 10.5-18 GeV

Kin. var. y=0.4 y=0.21 y=0.03 —0.1<zr <0.2

Drell-Yan

CDF RunI | DORun I | CDF Run II | DO Run II y4
Reference | 67] | 68 | 169 | _[70]

normalization :
fixed from DEMS fit,
different from exp.
[not really relevant for TMD
parametrizations)

_y
Jefferson Lab
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The replica method

m(x,z, Pnr,Q%), proton target

3y
. 71—
2- % % A (xX)~0.15
| (Q%)~2.9 GeV?
A 0.27<z<0.30
s 0.38<z<0.48
|
0 O
0 % X
. O o
0.0~ O 0 08
Phr
Sample of original data — )

) Jefferson Lab



The replica method

m(x,z, Pnr,Q%), proton target

Sy
. =
23_ } % A (x)~0.15
| 4 (@%)~2.9 GeV?
[ a 0.27<2<0.30
. s 0.38<z<0.48
1
1 s (4
: i i
a
: " " " 1 M " 2. 1 .ﬁ
0.0 0.4 0.8
Phr
Replica of the original data with Gaussian noise )

) Jefferson Lab



The replica method

m(x,z, Pnr,Q%), proton target

3y

. -
2 { | { (xX)~0.15

| I N (Q2)~2.9 GeV?

-' | a 0.27<2<0.30

| s 0.38<2<0.48
1l

; s (U

o { |

I 2 " " 1 2 2 2 1 ;.

0.0 04 0.8
Phr
Fit of the replicated data — )

) Jefferson Lab



The replica method

m(x,z, Py, Q%), proton target

Repeat the generation and the fit N times

30

3y
of (x)~0.15
1 (Q%)~2.9 GeV?
A 0.27<z<0.30
s 0.38<z<0.48
i V4
. O
0.0

e 2

Jefferson Lab



The replica method

m(x,z, Pnr,Q%), proton target

3y
| T
of (xX)~0.15
| (@%)~2.9 GeV?
A 0.27<z<0.30
s 0.38<z<0.48
i A4
. 0
0.0

Obtain distributions of best values -

calculate 68% CL bands Jeffe-r:son Lab
3] o~



Agreement data-theory

Flavor independent scenario

. 2 2
Flavor independent configuration | 11 parameters Points | Parameters X x"/d.o.f
3059 11 12629 += 363 | 1.55 4+ 0.05
HERMES | HERMES | HERMES | HERMES
— — T — KT — K~ .
: & & & & Hermes P/D into m+:
Points 190 190 189 187
S problems at low z
X~ /points 4.83 2.47 0.91 0.82
HERMES | HERMES | HERMES | HERMES | COMPASS | COMPASS
D—snt | D—sn | D—-K" | D—-K | D-—=h" D — h~
Points 190 190 189 189 3125 3127
x* /points 3.46 2.00 1.31 2.54 1.11 1.61
E288 [200] | E288 [300] | E288 [400] | E605 Hermes kaons better than pions:
Points 45 45 78 35 larger uncertainties from FFs
x> /points 0.99 0.84 0.32 1.12
Compass : better agreement due to
CDF Run I | DO Run I | CDF Run II | DO Run II #points and normalization
Points 31 14 37 8
2 .
X~ /points 1.36 1.11 2.00 1.73 ‘7

32
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SIDIS @ Hermes (P, rt)
(Q%)=1.5 GeV? (Q%)=1.8 GeV? (Q%)=2.9 GeV? (@%)=5.2 GeV? (@%)=9.2 GeV?
(x)=0.061 (x)=0.096 (x)=0.15 (x)=0.24 (x)=0.41
10 s, p>TTT ' Z
"T_' 8 /\. [
= . . ® o &
S 6 /\ /\ | \ \ agreement
> .
S 4 ST T~ N | N /N /\ improves at
= ———— A——— P T S /—4\ and hlgh GE
p——r——— R PP} ,,—»—»—r;,‘,,—;—*—v—r—p\.y
10 P ]
> ]
()
= 4 :
% 4t At e L A . /\ /\\ strong XGE
g | ——— e T e e correlation
= ————— ———t—— PRSP T S e —— — —aaid
—p———p ———— [ —>——>—p— 3 *

= (2)=0.24 (offset=5)
+ (2)=0.28 (offset=4)

(2)=0.34 (offset=3) « (z)=0.54 (offset=1)
(2)=0.43 (offset=2)

» (2)=0.70 (offset=0)

33 >



olDIS @ Compass

first data point used to fix the normalization,
bin by bin [see Compass coll., Erratum)

at high Q2 the agreement is good in all x,z bins

at low Q2 the agreement gets worse at high z
(opposite behavior wrt Hermes]

at fixed Q2 and z the description iImproves

—
o

®

)

Norm . multiplicity

D, h™}

»

am

N

(Q?)=8. GeV?
(x)=0.055

(Q?)=8. GeV?
(x)=0.095

'Ii.l
..>-| ‘-' .
: & el p) L ..1'3‘.
« \ - ok 4 .Iﬁl
. N F < . " RE
30 3
. LT .

Increasing x
(@?)=1.5 GeV? (@?)=1.8 GeV? (Q?)=2. GeV? (Q?)=2. GeV? (Q?)=2. GeV? (Q?)=2. GeV?
gl (x)=0.007 | (x)=0.01| (x)=0.015 | (x)=0.022 | (x)=0.033 | (x)=0.055 |
@028 = 7 SONGLAANG [/ A AN
= (2)=0.28 © B/“\ f\ f'\ B/"'\
BIRNRXANXNANAAN
(2)=0.38 2
(2)=0.45 ; MY S N VN V5 N ™ N\ Ve N\ Vi N
RN WA A A
> (Z)=U. Z ] A
0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9
Phr[GeV] Phr[GeV] Phr[GeV] Phr[GeV] Phr[GeV] Phr[GeV]



Drell-Yan @ Fermilab

qr(Ed30/d®p) (normalized)

-t N
) o
|—‘—|
|—‘—|
—

-
o

9

Evolution shifts the peak as ( increases

E288, .«/E =19.4 GeV

E288, .«/E = 23.8 GeV

E288, /s = 27.4 GeV

E605, .«/E = 38.8 GeV

+++

§

n=0.4

n=0.21

1 2 3 1 2 3

qr[GeV]

e (Q)=4.5 GeV (offset =16)
= (Q)=5.5 GeV (offset =12)
+ (Q)=6.5 GeV (offset =8)

4 {(Q)=7.5 GeV (offset =4)
(Q)=8.5 GeV (offset =0)
(Q)=11.0 GeV (offset =-4)

15

=0.03

qr[GeV]

35

10t

qriGeV

(Q)=11.5 GeV (offset =—4)
x (Q)=12.5 GeV (offset =—10)
* (Q)=13.5 GeV (offset =—14)

4

X|:=O.1

]



/-boson @ Fermilab

do/dgr [GeV™]

Narrow bands, driven mainly by
gz values (reduced sensitivity to

Contributions to chi2
mainly from normalization,

Intrinsic kr) not shape
30 : - : :
CDF DO CDF DO
o5l o Vs=18TeV | Vs=18TeV | s=196TeV| +/s=1.96TeV.

i
1

A

}1

5 10 15 20

ar[GeV]

5 10 15 20

ar[GeV]

5 10 15 20

qr[GeV]




Best-fit values

TMD PDFs (k3) a o A
[GeV?] [GeV 7]
All replicas || 0.28 +0.06 | 2.95 =+ 0.05 | 0.17 & 0.02 0.86 & 0.78
[ Replica 105 || 0.285 2.98 0.173 0.39
TMD FFs (P? 3 5 v AF (P
(GeV?] (GeV 2] (GeV?]
All replicas || 0.21 +0.02 | 1.65+ 0.49 | 2.28 4+ 0.46 | 0.14 4+ 0.07 | 5.50 + 1.23 | 0.13 + 0.01
(Replica 105 | 0.212 2.10 2.52 0.094 5.29 0.135

Flavor independent scenario:

((k2) = 0.28 -

-
- 0.06 GeV?

<

\_

(P?) = 0.21 4+ 0.02 GeV?
P2y =0.13 4+ 0.01 GeV?

J

37

TABLE XI: 68% confidence intervals of best-fit values for parametrizations of TMDs at Q = 1 GeV.

[ gs = 0.13 &+ 0.01 GeV? J

best value from 200 replicas

compatible with other extractions

Jeffe

>

/gon Lab




Best-fit values

Flavor independent scenario

0 02 03 04 05 06 0.7
(k) (x=0.1)[GeV?]

Caveat for comparisons
NP effects (as the intrinsic momentum) always
depend on the accuracy
of the perturbative part ;

determined as observed - calculable

=

OECOEEED

Bacchetta, Delcarro, Pisano, Radici, Signori, in preparation (Q =1 GeV)
Signori, Bacchetta, Radici, Schnell arXiv:1309.3507

Schweitzer, Teckentrup, Metz, arXiv:1003.2190

Anselmino et al. arXiv:1312.6261 [HERMES]

Anselmino et al. arXiv:1312.6261 [HERMES, high z]

Anselmino et al. arXiv:1312.6261 [COMPASS, norm.]

Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]
Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)

Red/orange regions : 68% CL from replica method

Inclusion of DY /Z diminishes the correlation

2
Inclusion of Compass increases the (P1)

and reduces its spread

e+e- would further reduce the correlation

c 2

. Jefferson Lab



Test with replica 105

po>rt|lp—an |p>K ' |p>K |D>7nt"| D7 |D—-K"|D—K"~
Original 5.18 2.67 0.75 0.78 3.63 2.31 1.12 2.27
Normalized 1.94 1.13 0.57 0.29 1.59 0.80 0.47 0.97

lep(QZ‘ = 0.1, ki)

10f
0.8
s
0.4

02¢

Hermes data normalized to the first bin in transverse momentum :
the chi2 drops, confirming that normalization effects are the main contribution to the chi2

lr105

Dle(Z — 05, PJQ_)

lr105

39




Conclusions ...

In total: 8059 bins vs 11 parameters and
x?/d.o.f. = 1.55 £ 0.05

1) We demonstrated that it is possible to simultaneously fit TMDs on
different data sets (universality), multidimensional and at different
energy scales

2) we extracted TMD PDFs and FFs on > 8000 data points
3) this is the first step towards a global fit analysis of TMDs

4) once the analysis of unpolarized structures is solid, we can address
the polarized structure functions

40 o=



.. questions ...

9) why is the description not good at low z for Hermes and high z for
Compass ?

6) how can we relax the tension from the normalization of data ?

7) are there tensions between Hermes and Compass data ? [see the
flavor decomposition]) Waiting for JLab.

8) are we probing the “right” transverse momentum regions ?

9) can we find a clever way (theoretical and/or computational] to
speed up the analysis procedure ?

10) 1s that all ..?

4]



.. and the next challenges

The goal is not only to fit data,
but to answer fundamental questions in QCD in the best possible way

11) identification of the current fragmentation region in SIDIS ?
12]) rise the accuracy of transverse momentum resummation

13) match TMD and collinear factorization : fixed-order description of the high transverse
momentum region and its matching to the low transverse momentum one

14) order the hadronic tensor in terms of definite rank

15) include electron-positron annihilation, LHC and JLab data
16] address the flavor decomposition in transverse momentum
17]) address the polarized structure functions

18) Monte Carlo generators and TMDs

19) what about spin 1 targets ?

20 ...

42



Monte Carlo generators LDRD

: ., %% U.5. DEPARTMENT OF Office of <
2 ENERGY ‘ Science \.J &

Mapping the hadronization description
in the Pythia MCEG to the correlation
functions of TMD factorization

see the talk by M. Diefenthaler -,
Jefferson Lab

{
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Backup

Jeff./e-gon Lab
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Kinematic dependence

Comparison with other extractions :

Color code : same as previous slide GMC trans _
Anselmino et al.

hep-ph/9901442

Jeff/gon Lab
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Target vs current vs central regions

< < e
fonb &
—— ——
(a) (b) (c)
. D

N Jefferson Lab



Target vs current vs central regions

Tp; = 0.1 Q% =2 GeV? Tpi = 0.1 Q% =10 GeV? Ty = 0.1 Q% = 10° GeV?

- ----P------

M AR R R R R R R R R R SRR R R R R R R R O O O . .
-------F------

3 2-10 1 2 3 —6 -4 —2 0 2 4

Yn Yn
— 2z,=0.8 Yi == |R| (2,=0.8)
— 2,=04 Yy [ —] |R|'1(zh - 08)

‘erson Lab
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The polarized sector

The W+Y formalism needs to be built from scratch
In the polarized sector

Apart from few cases, we have only results

based on a parton model description

Semi-inclusive deep inelastic scattering at small
transverse momentum

Alessandro Bacchetta®*, Markus Diehl?, Klaus Goeke’, Andreas Metz?, Piet J.
Mulders®, Marc Schlegel®

Matches and mismatches in the descriptions of
semi-inclusive processes at low and high transverse
momentum

Alessandro Bacchetta®*, Daniél Boer?, Markus Diehl?, Piet J. Mulders®

48

W + Y for a polarized
involves collinear higher twist!

organize the hadronic tensor
in structures of definite rank
(several advantages]

Look at the mismatches
between low and high
gT of some structure functions

what about the spin 1 case ..?

Jefferson Lab



Fvolution at work héerkbs

electron-positron p-Cu Drell-Yan
(Bes-lll - Belle) (E288, EB0O5 @ Tevatron)

Q=382GeV Q=10 GeV Q € [4,18] GeV

Data sets and QCD evolution
M Q =9.39 GeV

guarkonium production
(LHC, AFTER@LHC)

Medium energy:
the best Q-range

49




Pe r'tu r‘b atlve a CC U r'a Cy Overview of the terminology

Cz'/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

D
Jefferson Lab
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Pe r'tu r‘b atlve a CC U r'a Cy Overview of the terminology

Cz'/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

LO NLO

Anomalous dimension of the TMD and logarithmic expansion

YF [as (,LL), C/:LLQ] ™~ asL -+ (as =+ Osz) + (ag T (X?L) T

\ . 4 \

LL NLL NNLL Q2

~ 1+ag+a+-- L=l -r, al~l

c D
Jefferson Lab
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Pe rtu Pb atlve a CC U r'a Cy Overview of the terminology

Ci/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

LO NLO

Anomalous dimension of the TMD and logarithmic expansion

YF [as (M)o C/:LLQ] ™~ asL -+ (as =+ Osz) + (ai - O‘iL) T

\ . 4 \

LL NLL NNLL Q2
2 L =1n — ol ~ 1
Nl—l—a8—|—a8+ ,LL 3 S
Collins-Soper kernel : a power series in the coupling accuracy chosen consistently

with Wilson coefficients
and anomalous dimension

Kbripm) ~1+as+a2---

Jefferson Lab
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Perturbative accuracy

Cz'/j Wilson coefficients : expansion of the TMD distribution on a basis of collinear PDFs

LO
Anomalous dimension of the TMD and logarithmic expansion Ky = 2 TF /b*
2 2
VF [as (:u)a C/:UJ ] ~ O‘SL _I_SO‘S T O‘SLZ T Cisi | Ync | Feusp | K accuracy
LL NLL 0o | 0o | 0 |o0 QPM
~ 1+aos+--- 0 | 0 1 |0 LO-LL
0 1 2 1 LO-NLL
Collins-Soper kernel : a power series in the coupling 0 2 3 2 LO-NNLL
1 1 2 1 NLO-NLL
K(bripp) ~ 1+ g + -+
1 2 3 2 NLO-NNLL
2 2 3 2 | NNLO-NNLL

N Jefferson Lab



SIDIS @ Hermes (P, K*)

(Q%)=1.5 GeV? (@%)=1.8 GeV? (Q%)=2.9 GeV? (@%)=5.2 GeV? (Q%)=9.2 GeV?
(x)=0.061 (x)=0.096 (x)=0.15 (x)=0.24 (x)=0.41
6 + .
- A, PK AT AT TN— N _’fﬁ\*\.
E A i SN .:—‘PN f‘h\, _ .r‘!\y\,‘\‘ wfﬁ\./’\\.
2 Z
22 — H - - — — -
g ——— ity PR - < — ———r———— (| A ———— v
. S - Er s o> o > L e PP, |
. o — —
= e T — — SR = better agreement
E 4 Gee— e Gty | et .#_t_, at low z wrt
> the pion case
jczj 2
g a4 ¢ 4 — 4 e 444 9
PP PP PP

= (2)=0.24 (offset=5) (z)=0.34 (offset=3) « (z)=0.(ffset=1)
+ (2)=0.28 (offset=4) (2)=0.43 (offset=2) » (z2)=0.70 (offset=0) —>
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SIDIS @ Hermes

Multiplicity [GeV™']

Multiplicity [GeV™]

—
A~ O 0 O

N

2l
i

—_k
o

A~ O

N

(@%)=1.5 GeV?

(Q%)=1.8 GeV?

(@%)=2.9 GeV?

(Q@%)=5.2 GeV?

(@%)=9.2 GeV?

(0]

S 0=0061 =0.0%6 =015 =024 =041
. d-rrt
] L
L 2

v = .
M
| ————)

 dor

= (2)=0.24 (offset=5)
+ (2)=0.28 (offset=4)

(2)=0.34 (offset=3)
(2)=0.43 (offset=2)

< (2)=0.54 (offset=1)
» (2)=0.70 (offset=0)

/\

e ——q e —— |
[ > p————
02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08
PhT[GeV] PhT[GeV] PhT[GeV] PhT[GeV] PhT[GeV]
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SIDIS @ Hermes

(Q%)=1.5 GeV?

(Q%)=1.8 GeV?

(Q%)=2.9 GeV?

(Q%)=5.2 GeV?

(Q%)=9.2 GeV?

(x)=0.061 (x)=0.096 (x)=0.15 (x)=0.24 (x)=0.41
N . . .d%k+" -- . . . — . . "
e T T~ AN p 5
% 4t 1 1
('2' e — e —_— — = — g
>
= - _ - . » . .
s 2
5 — — g ———t—t—— e —————{  —ATTTT————<
=
L b bbb B O o . e o G . o
=S — e = S e %J\\R._i
%4.0—‘-‘"—0—0 | ottty | oty o-ﬁ='=té—._.¢=-=$o_o
&,
> -
kS)
s 2
5 —————q ————— —————q —————q ——————
=
L s> ' ———— Y e o T —_—

02 04 06 08
PhT[GeV]

02 04 06 08
PhT[GeV]

= (2)=0.24 (offset=5)
+ (2)=0.28 (offset=4)

02 04 06 08
PhT[GeV]

02 04 06 08
PhT[GeV]

(2)=0.34 (offset=3) <« (z2)=0.54 (offset=1)

(2)=0.43 (offset=2)

» (2)=0.70 (offset=0)

02 04 06 08
PhT[GeV]

n Lab



olDIS @ Compass (D, h*}

10

(Q?)=4.3 GeV? (Q?)=4.8 GeV? (Q?)=4.8 GeV? (Q?)=4.8 GeV?
(x)=0.022 (x)=0.033 (x)=0.055 (x)=0.095

%

®

i
I
Yl
VU

2.
R B PN PP 1 030609
(Q2)=3. GeV? (Q2)=3_ GeV?2 <Q2>=3_ GeV? (Q2)=3_ GeV?2 . . )
(x)=0.015 (x)=0.022 (x)=0.033 (x)=0.055 Ph1[GeV]

e (2)=0.23 (offset=6)
= (2)=0.28 (offset=5)
" @038 (ofiseizs) | E
=0.38 (offset=
§§§=o.45 (offset=2) ol ﬁ%ﬁ.. |
<« (z)=0.55 (offset=1) ﬁm‘

» (2)=0.65 (offset=0) |

2
)
D
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Pavia / Amsterdam / Bilbao 2013

proton target global x?/d.o.f. =1.63 +0.12
no flavor dep. 1.72 +

m(x, z, Pz, Q%), proton target

m I O - a0z Tt
1.80 £ 0.27 ' TRERRL 264 +0.21
1.83 + 0.25 2.89 +0.23

K- K+
0.78 £ 0.15 0.46 + 0.07
0.87 = 0.16 0.43 + 0.07

c 2
Jefferson Lab
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Torino / JLab 2014

Q° (GeV?)

h—/_
COMPASS M,

] ¢ « » © N1

h+
COMPASS M}

<z>=0.23
<z>=0.28
<z>=0.33
<2z>=0.38
<z>=0.45
<z>=0.55
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|

FEILi
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Q°=1.76 GeV?

-1
10 y =0.59

&
Q°=1.92 GeV?
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Q°=1.92 GeV?
y =0.20
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Anselmino, Boglione, Gonzalez, I\/Ieli_;c;) Prokudin, JHEP 1404 (1 Age/f
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h—/_
COMPASS M,

x2/dof = 3.79

with ad-hoc
normalization

Q2

10t

(GeVz)

3
pe— Y53

P = T SR X

A g S

|
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Anselmino, Boglione, Gonzalez, I\/Ieli_;c;) Prokudin, JHEP 1404 [’Iéb}!e/ffe'rson Lab
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2 2
Q G’eV h+ P S X3
( ) COMPASS MD ‘ :.i*'TTTITL;ZH%
_/_ [v/{;'i I—IT?T*;HII\I ’ \
COMPASS M}, P |
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0
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Erratum

(1330 Tod
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Bigg ‘\fi

i A
) Q°=1.76 GeV? | Q°=1.92 GeV? | Q°=1.92 GeV? | Q°=1.92 GeV? | Q°=1.93 GeV?
107 | y =0.59 y =0.43 y =0.30 y =0.20 y =0.14

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Py (GeV) .
/7 B
Anselmino, Boglione, Gonzalez, Melig, Prokudin, JHEP 1404 mge/ff—e-rson Lab
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h—/_
COMPASS M,

simple Gaussian ansatz

x2/dof = 3.79
with ad-hoc
normalization

see Compass caoll.
Erratum

Q° (GeV?)

] ¢ « » © N1
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<z>=0.28
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<2z>=0.38
<z>=0.45 10
<z>=0.55
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D’Alesio, Echevarria, Melis, Scimemi, JHEP 1411 (14]

NLL-NLO
10734 : : : : : : : : : : : :
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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10734 : : : : : : : : :
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NLO-NNLL analysis
with evaluation of

theoretical uncertainties
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DEMS 2014

x2/dof = 0.81

NLL-NLO

D’Alesio, Echevarria, Melis, Scimemi, JHEP 1411 (14]

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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KN 2006

E605 Data
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KN 2006
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KN 2006

E605 Data CDF Z Run 1
~100 data points
=>4 GeV
0 Qo = 3.2 GeV

1 _ —1

5 (0 21 +0.68 log ( < ) —0.25 log (1ox)> bmax = 0.5 GeV

2 2Q0

Brock, Landry, Nadolsky, Yuan, PRDG7/ (03]

1 _ »

5 {020 +0.184 log 9 ) .02 log (10z) bmax = 1.5 GeV

2 2Qo
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EIKV 201

A

Parametrizations for intrinsic momenta
and soft gluon emission :

1‘:.\.’;‘)(_})7’, (?)p(” — exp

Fyp(by, Q)" = exp

_hjf;.‘ (g‘l)df + ({72 ll'l(Q,."'lQﬂ))}

-6 (o + 2 1m(Q/Qu))

Pros and Cons ;

1] a global analysis of SIDIS and DY /Z/VW data

2) TMD evolution at LO-NLL
3] multidimensionality not exploited

4] chi-square not provided

9] can’t be considered as a “complete” fit
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Uther studies

CSS formalism on DY /Z/\W data:

1) Davies-\Webber-Stirling (DOI: 10.1016/0550-3213(85)90402-X]

2] Ladinsky-Yuan [DOI: 10.1103/PhysRevD.50.R4239]

3] BLNY [DOI: 10.1103/PhysRevD.63.013004]

4] Hirai, Kawamura, Tanaka [DOI: 10.3204/DESY-PROC-2012-02/136) - complex-
b prescription

combined SIDIS/DY,/ W/ Z :
D) Sun, Yuan [arXiv:1308.5003]

B) Isaacson, Sun, Yuan, Yuan (arXiv:1406.3073]
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