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gate the 3D structure rons

in momentum space (access TMD distributions)

with a focus on its flavor structure and evolution

-~ pr|GeV] = s : . - pr|GeV]
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The to-do list

| SIDIS fit with no evolution at all (Hermes) [78%' ]

el Get hints on the non-perturbative parameters involved in evolution
from e+e- annihilations, compatible with the previous fit [($+9"84"%%

! SIDIS fit with QCD evolution (Hermes + Compass)
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TODAY: Investigations into the flavor dependence of partonic
1)! SIDIS multiplicities transverse momentum

2)! e+e- multiplicities

Andrea Signori,? Alessandro Bacchetta,>® Marco Radici® and Gunar Schnell®f
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SIDIS

multiplicities



TMDs in SIDIS

UNPOLARIZED SIDIS

lepton lepton

\‘\h:jron
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Zero—order QCD

p
drton Mode| Pictyre wist
LO QEp Leading?
o(Prr) ~ Z f2(x,k3) ®D§"(z,P?)
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Which transverse momenta ?

flra
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Flavor dependent Gaussians

(M) +<H=0Y%(HS+IH"H>)" (PH@B$Y+BA+IB:+OH")%
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Simplified flavor dependence!
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6/9/14 Andrea Signori - VU/Nikhef 7



Flavor dependent Gaussians
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Kinematic dependence

2 n _ o (1# X)! X' Flavor independent
!k! ,q (x) = !k! g (1# ﬁ)! B — Kinematic dependence
K2 "= 1k? (8 = 0.1)
L2+ # z)

o\ — 1D
!P!Z,q-- h (Z)— !P!Z,q" h (! + !)(1# D)
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Flavor analysis

Parameters for TMD PDFs

<ki,d,,> <k3.,u.,> <’;.2L,sea> &) o
[GeV?] [GeV?] [GeV?] | (random) | (random)
ers T
va\”ﬂe’(’ . .
5 pa interval [0,2] interval [-0.3,0.1]
Parameters for TMD FFs
<ﬁf,fav> <p.l2.,unf> <ﬁf,s}(> <p.2L,,uK> 6 ]
[GeV?] [GeV?] |[GeV?] (random)| [GeV?]
el T
7 pa(‘ ame interval [0.125,0.250]
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Multiplicity
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Fitting procedure
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Distributions of best-values
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Fitting procedure

proton target

1.80 + 0.27
1.83 + 0.25

K!
0.78 £ 0.15
0.87 + 0.16

6/9/14

global '2/d.of. =1.63+0.12

no [3avor dep. 1.72 £+ 0.11

m!x,z,PZ,Q%", proton target

10°
s

o 0.10%%0.20
a 0.27%2%9.30 1
o 0.3892%0.48 |
< 0.60%2%0.80 |

#2929 GeV? 1,

Andrea Signori - VU/Nikhef

| +

2.64 + 0.21
2.89 + 0.23

K+
0.46 + 0.07
0.43 + 0.07

12



TMD FFs — full analysis

14

q! ! favored width i el
< Né’ N% 1‘25 .:: ..".?-'.
q! K favored width  — i
1.1 Samnd
I — ———— | T

1.0

/1f0 44 12 13 14
. (P.?L,unf)
point of )

no flavor dep.

q! ! favored width < unfavored

B — N
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TMD PDFs — full analysis

replica 73
| 2/dof = 1.70

sea width

> (mostly)
uy width

...........

point of
no Ravor dep.
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replica 149
| 2/dof = 1.87
18 =
6
14 R |
AL SRRy vy | replica 130
X|= 1.0 - .’..?’:~ ‘:;47 I 2/dof = 1.77
0.8 e ¢ |
06 T replica 186
0405 04 06 08 10 1.2 14 16 I 2/dof = 1.38
(k)
(K2 0.)

dv width < (mostly) uy width
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QCD evolution

Looking towards SIDIS + DY + I*I- global fits ... Collins (2011)

Q EIS (2012-2013)
o ~ / d*b e bar ’H[—f] X
i

oryy . . b NP X Intrinsic (large b)
colli OPE [ 113 @ fJ/N]( ’ *’QO) PDF transverse momenta
ollinear
for small b; ‘

(Cp/i ® Din) (2,04, Qo) Fpp % (Qo~ 1/b%)

QU du Q2 Qr D(b*,Qo)+NP
exp — vppr |In—5, as(p) ol X
Perturbative Qo M p? Qo
transverse momenta ‘ Soft evolution

and evolution
(resummed logs) 2 —D(b*,Qo)+NP
exp{/Qf d—ﬂ YFF lln Qf Ots(/i)] } [&] B

j 2 Qo
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BELLE
e*e" multiplicities

double goal:

- pin down flavor dependence in TMD FFs
- get info on the non-perturbative evolution



Hadron production

efe | jets
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One hadron

See A. Bacchetta’s
talk in QCD Evo 2014

thrust axis

do _ 6ma?

dzd¢dy Q2

AY) ZZH(Q) €  dbyr br Jo(arbr) DY "(z,br,p) + Y(c,Q?)

q 0
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One hadron

See A. Bacchetta’s
talk in QCD Evo 2014

| ~s~~‘ 'll
LIJ ' thrust axisI )
U U

Aly) 2HQ/p) €& dbr br Jo(grbr) DY "(z,01,1) + Y(62,Q%)

A 6?2
dzdg? dy Q2

q 0

6/10/14 Andrea Signori - VU/Nikhef 19



Two hadrons

€+€_ — hl hQX

Boer, Jakob, Mulders, NPB504 (97)

2,2 !
dz;dz,dcg.dy Q2 A(y) z1z; H(Q/u) eg . dbrbr Jo(arbr)!
#

q
$
DY " (zy,bp,W)D¥ "2(z5,bp, ) +(q" @ + Y (G, Q%)

d! _B"# 2
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e*e- multiplicities

fefe | hihoyX}/ {e"e | hiX)}

TMD collinear
d 2h
2
M h h _ dzleZdyqu The same structure
( 1, 2) - d! 1h as in the SIDIS case
dz,dy
NB The experimental transverse momentum is P]_! — ' Z]_CIT
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Evolved TMD FFs

Intrinsic b; part

OPE of the perturbative part on the collinear distribution

Gaussians from Hermes!

D} "(z,br,Q% W)= [Ca ! Din I(z,b, U5, Wp) FEF (Z,br) "
i 1
i ds e 7
exp ?VFF In 2 as(s) "
Perturbative evolution n Ho ,$ %&

exp #In=5 D(b,up) %
Hp

Soft evolution

b-star prescription

Collins (2011)
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Input from the Hermes fit

| P!21‘!| K+ = | I3!2.

" 2 " " 2
I:)! .all others # I:)! unf -

200 VALUES

Kinematic dependence

(zZ +H)@# 2
(@ +1)(1# 1)

I
!P!Z,q" h"(z): !P'iz,q" h
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Effects of theoretical accuracy

M0ty

0.20¢
0.10_*

0.05¢

Preliminary

Est. exp. error

'NLL band
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i
Z1 = 72,=0.2
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Sensitivity to evolution parameters

0.100
0.050 -

0.010
0.005

0.001;
5110 4"
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Est. exp. error
I
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Sensitivity to evolution parameters

0.100 3 X {bmax, 92} Preliminary
0.070_ Est. exp. error
0.050 |

Z1=72,=0.7
0.030 "

(0.5 GeV',0.68) § ]
0.020. —_— s

- {1.0 GeV 1,041
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A
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Intrinsic parameters: z-dependence

M(K*,K™)

0.100:
0.050"

0.010 -
0.005"-

0.001;
51 104"

11104~

6/9/14

Est. exp. error
I

Preliminary
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Intrinsic parameters: flavor

M(rt,77) Preliminary

0.20r Est. exp. error

21 — R — 0.2
0.10 i

0.05"

0 10 20 30 40 50
q3

{bmax = 1.5 GeV ™', go = 0.18}
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Intrinsic parameters: flavor

1.5
/ 21 = 29 = 0.2
1.0/ Preliminary
| .
0.5 Est. exp. error
0.0 :
0 10 20 30 40 50

{bmax = 1.5 GeV ™', go = 0.18}

6/10/14 Andrea Signori - VU/Nikhef 29



Intrinsic parameters: flavor

THINF LIKE

Preliminary

A TROTON. *

Est. exp. error

MRS Sy T
fomm. .

eV, go = 0.18}

{ew
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Conclusions

SIDIS multiplicities ~++

There is a lot of room for flavor dependence :

clear indication in TMD FFs that
“g—>mn favored” width < “unfavored” & “q—->K favored”

[ TMD PDFs: hints that d, width < u, width < sea width

flavor-independent fit is not ruled out

I anticorrelation: many intrinsic {k , ,P } give same P, ;
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Conclusions

e+e- multiplicities

+

| Electron-positron data at 100 GeV? can be extremely valuable
to pin down evolution parameters

| They are useful to constrain flavor dependence of the TMD
fragmentation functions

! They are needed to determine the nonperturbative
parameters of TMD fragmentation functions

!l Indirectly, the knowledge of TMD fragmentation functions will
help constraining TMD distribution functions
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Backup slides
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Flavor in transverse space

21 . Since the flavor dependence
=
e

09 =——— H1 PDF 2000 . .
Q=10 GeV? In the collinear case is strong ...
0.8 1 ZEUS-SPDF

.- WHY NOT
LOOKING FOR IT IN

K, DEPENDENCE

OF TMDs ?
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Flavor in transverse space

I 1 Lattice QCD calculations
Musch et al., PRD 83 (11) 094507

[...]

I'1 Model calculations
Chiral quark soliton model [ Scweitzer et al., JHEP 1301 (913) 163 ]
Diquark spectator model [ Bacchetta et al., PRD 78 (08) 074010 ]
Statistical approach [ Bourrely et al., PRD 83 (11) 074008 ]
NJL-jet model [ Matevosyan et al., PRD 85 (12) 014021 ]
[...]

'l Previous fits
JLab Hall C [ Asaturyan et al., (E00-108), PRC 85 (12) 015202 ]
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Flavor in transverse space

With flavor dependence we can account )2'8"' @ C#55for

different cross sections for different target/final state hadron combinations.
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Hermes

et + P/ID | — et + {nT/K T} + X

Our selection

6 bins in x, ‘A —

8 bins in z, W ! Remove the first bin x-Q? (Q%>1.4 GeV?)
7 binsin P, &mes

2 targets, 4 final-state hadrons el 01<7<0.8

!l P,2<Q?%/3
2688 points
1538 analyzed points

limited Q? range = safely neglect evolution everywhere
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Flavor in transverse space

valence picture of proton, #u / #d =2

Less up at larger transverse momentum..!

Lattice QCD
Musch et al., P.R. D83 (11) 094507

(1]
A

15F

fiulhi

(1]
1u

1.0}

05F

k.| (GeV)

Andrea Signori - VU/Nikhef
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5 R e IM™]

)

10

0.01

0.001
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Flavor in transverse space

X

M =0.35GeV

5
p% [Mz}

10

Andrea Signori - VU/Nikhef

Chiral quark soliton model
(Schweitzer, Strikman, Weiss)
JHEP 1301 (913) 163

And other models...

Diquark spectator
(Bacchetta, Courtoy, Radici —
PRD 78 (08) 074010)

Statistical approach
(Bourrely, Buccella, Soffer
- PRD 83 (11) 074008
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Flavor in transverse space

TMD FFs - NJL-jet model

-
BN

S
W

S
N

<P?> (GeV?)

o
-

FIG. 14. The averaged transverse momentum of = and K
mesons emitted by a v quark.

Matevosyan et al., P. R. D85 (12) 014021
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do/dQ dE dzdP2d¢ [nb/(GeV’ ¢ sr)]

Pt

[y
(=]
U

(=

10

Flavor in transverse space

0 005 01 015

x from ‘H

0 005 01 015

P} [(GeVic)']

410

0 005 01 015
P2 [(GeVic)']

.gef,f./e?son Lab

Asaturyan et al. (E00-108), P. R. C85 (12) 015202
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no kaons, no sea,
no x-Z dependence

0.08
TP e
> 003 :
S [/
o -0.025_ A
& AN c)
I I
ad 0.05 0.1 0.15

() [(GeVie)]

(1)? [(GeVic)!

-
0

AT A AR B
016 018 02 022
(W) [(GeVie)]

up is wider than down

favored wider than unfavored
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Flavor independent Gaussianity

<H=%Yo(HS+OH"#>")"(2H@BS+BA+B: +9#") Yo+
1 ' k2
5w €XP H L
kg |

fR(x k1) =ff(x)

R

The same variance
for all the flavors!

0,
0.
03}
031 [
02|
02} [
Lo,
01
0.1 03
09~
Z - +
’ -3/ L2 -1 1
/ \ 02
. . / \
'3 12 I 1 2 /3 \
[ 03 \
03 / \ o1
,J: \
02 / 02 \
/ 13 V2 [Nl 1
/ \
0.1 /
/ (
/
-3 -2 S 0 7 3
3 1
[ |
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Flavor independent Gaussianity

<H=0pV(HS+OH"#>")" (PH@BS+BA+IB: +9#") Yo+

a! h 2 a! h 1 P2

"o 9
u—mT _'PJ_

P

"o 9
u—mw T 'PJ_,u—>K +

The same variance
for all the fragmentation
processes
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TMD PDFs — full analysis

68% confidence intervals of best-fit parameters for TMD PDFs in the different scenarios

Parameters for TMD PDFs

Default Q? > 1.6 GeV? Pions only | Flavor-indep.

(R2 , ) [Gev?] || 0.30+0.17 | 0.33+019 | 034+012 | 0.30+0.10

(B2 )V [Gev?] ||| 0.36+0.14 | 037+017 | 0.35+0.12 | 0.30+0.10

(B2 _..) [Gev?] || 0.41+0.16 0.3140.18 0.29+ 0.13 I 0.30+ 0.10 I

a (random) 0.95+0.72 0.93+0.70 0.95+0.68 1.03+ 0.64

o (random) —0.10+0.13 —0.10+0.13 —-0.09+0.14 | -0.12+0.12
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TMD FFs — full analysis

68% confidence intervals of best-fit parameters for TMD FFs in the different scenarios

Parameters for TMD FFs

Default | Q%> 1.6 GeV? | Pions only | Flavor-indep.

'F@!Z,favu GeV?] |/0.15+ 0.04| 0.15+ 0.04 | 0.16+ 0.03 | 0.18% 0.03
w2 " GeV?] || 019+ 0.04] 019+ 0.05 | 0.19+ 0.04 || 0.18+ 0.03
B2 " GeV?] | 0.19+ 0.04]  0.19+ 0.04 - 0.18+ 0.03
B2 " GeV?] |10.18+ 0.05§ 0.18+ 0.05 - I 0.18+ o.o3|
# 1.43+ 043 | 159+ 045 | 155+ 0.27 | 1.30% 0.30

$ 1.29+ 095| 141+ 1.06 | 1.20+ 0.63 | 0.76% 0.40

% 0.17+ 0.09| 016+ 0.10 | 0.15+ 0.05| 0.22+ 0.06

6/11/14
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Results

>
‘Tension’ in the collinear case S
s 4
=
E -
Q? > 1.4GeV? 10
global 2.86
p— K- 2.25
p— T 3.39 107}
p—7wt 1.87 :
p— K+ 0.89 o T o proton
E ¥ CTEQ6L/DSS
D—K 4.26 z : CTegeLmns
D — 7r+ 5.05 1 1 1 1 -:--I"HEmlEs LEPTIQJETSEF:
D—m 3.33 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
D—- K+ 1.80 4

Table 2. Values of x?/d.o.f. obtained from the comparison of the HERMES multiplicities
mh(z, 2, Q?) with the theoretical prediction using the MSTWOSLO collinear PDFs [8] and the
DSS LO collinear FFs [48]. In all cases, the range 0.1 < z < 0.8 was included.



TMD PDFs — without Kaons

1.8

1.6
. " ‘ Strange quarks
1.4
sea width S : are relevant !
< (mOStIY) “f‘ °£f 1.0 'o‘:@t:
Uy Wldth 0.8 . .'.'.:‘qu.
— T 0.6 . .:‘é.éi: 5.0 )
04 T
0204 06 08 10 1.2 1.4 16
S ()
point of (ko)

no flavor dep.

dv width ~ (mostly) u, width

[ — ———
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TMD lib & plotter

TMD lib : A
a library of parametrizations of N I/\ 7\ JTera ‘
TMDs and uPDFs Heimhts lanee
on the same footing of LHAPDF F. Hautmann, H. Jung

T. Rogers, P. Mulders, AS

TMD Project

Webpage maintained by: Ted Rogers, Andrea Signori

without taking into account the perturbative QCD evolution.

ﬁ HELMHOLYZ

I GEMEINSCHAFT

High Energy Physics | TMD Plotter

TMD Plotter Publications HEP Links
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Fitting procedure

m(x,z, Pn7,Q%), proton target

3r
. o
of I t (x)~0.15
[ (Q%)~2.9 GeV?
A 0.27<z<0.30
m 0.38<z<0.48
1
S T
0 &
0.0 0.4 0.8
Phr

Sample of original data
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Fitting procedure

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

(Q%)~2.9 GeV?

2 } % I (x)~0.15

A 0.27<z<0.30
m 0.38<z<0.48
:
4 .
§ i i
e : -
00 04 08

Phr

Replica of the original data with Gaussian noise
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Fitting procedure

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

23_ (x)~0.15

[ {/\A (@?)~2.9 GeV?
A 0.27<z<0.30
m 0.38<z<0.48

00 04 08

We fit the replicated data...
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Fitting procedure

m(x,z,Py7, Q%), proton target

3y
| m
of (x)~0.15
} (@%)~2.9 GeV?
i A 0.27<z<0.30
m 0.38<z<0.48
1t
0.0

... repeating the fit over the 200 replicas
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Fitting procedure

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

3

| m

23_ (x)~0.15

: (@%)~2.9 GeV?
A 0.27<z<0.30
s 0.38<z<0.48

LIS

D Nﬂ\n
00 04 08 _
Phr
Plot of the 68% CL bands
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