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SPIN’16: structure of the nucleon

Difference between flavors?

0.05

Does it get wider at low x?

-1.0 ' kx (@v)
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TMD distributions

quark pol. quark pol.
U U
U | /1 D

nucleon pol.

unpolarized

TMD Parton Distribution Functions TMD Fragmentation Functions
(TMD PDFs] (TMD FFs]
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extraction from SIDIS & Drell-Yan

Semi-inclusive DIS Drell-Yan \ Z production

[(6) + N(P) = 1({') + h(Pp) + X A+B =y =11
A+B— Z = 1"

hadron

TMD FFs TMD PDF

TMD PDFs
TMD PDF
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Data region

Z production
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Current state fits

(+Amsterdam)

Framework| HERMES |COMPASS DY oro diction N of points
KN 2006 LO-NLL X X , v 03

hep-ph/0506225

Pavia 2013 N

(+Amsterdam, Bilbao) (Spel\\;l()) o/ X X X 1538

arXiv:1309.350/

Torino 2014 NoO evo v v " ” 576 (H)

(+JLab)

arXiv:’IB’IaE.BEB’I (QPM) | (separately) | (separately) 6284 (C)
DEMS 2014 |\~ i L ¥ y y y -
arXiv:1407.3311

SRV2ZOE T oL |1 k@) bin|1 k@2 bin|] v v 500 (7)
arXiv:1401.50/8

Pavia 2016 LO-NLL v v v v 3156
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An almost global fit

Framework| HERMES |compPass| Dy £ IN of points
production
Pavia 2016 LO-NLL v v v v 8156
(+Amsterdam)

Features
heading towards a global fit of quark unpolarized TMDs

Flexible functional form (beyond gaussians)
includes TMD evolution
replica methodology

kinematic and flavor dependence (preliminary)
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An almost global fit

Framework | HERMES |COMPASS| DY £ IN of points
production
avasdlo | Lo-NLL v v v v 8156
cons
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no “pure” info on TMD FFs
(would require e+e- annihilation)

TMD accuracy: not the state of the art

long computation time
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Data selection

SIDIS

proton-target
data

HERMES | HERMES | HERMES | HERMES
p—n" | p—=n | p—= K" | p— K"
Reference
Q? > 1.4 GeV?
Cuts 0.2<2<0.7
Prr < Min[0.2 Q,0.6 Qz] + 0.5 GeV
Points 188 185
Max. Q3 9.2 GeV?
T range 0.06 <x <04
Notes

Motivations behind kinematical cuts
TMD factorization (Phr/z << Q?)

Avoid target fragmentation (low z)
and exclusive contributions (high z)
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Data

selection

Monday, September 26, 2016

to avoid problems
with Compass data normalization

SIDIS
deuteron-target
data
HERMES | HERMES | HERMES | HERMES | COMPASS COMPASS
D —nxt D — D—-K" | D—K"~ D — ht D — h™
Q? > 1.4 GeV?
Cuts 0.2 <2<0.7
Prr < Min[0.2 Q,0.6 Qz] + 0.5 GeV
Points 188 188 186 187 3024 3021
Max. Q* 9.2 GeV? 10 GeV?
T range 0.06 <x <04 0.006 < =z < 0.12
Notes Observable: th (m’z’,PhT;Q ) 5
mN(maza_m[Ph]aQ )
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Data selection

Z production
data

fixed from DEMS fit,

different from exp. =9

E288 200 | E288 300 E288 400 E605
Drell-Yan
Cuts gr < 0.2 Q + 0.5 GeV | data
Points 45 45 78 35
\/E 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
CDF RunlI | DO Runl | CDF Run II | DO Run II

Cuts

Points

14

qr < 0.2 Q + 0.5 GeV = 18.7 GeV

37

8

Normalization

[not really relevant for TMD
parametrizations]
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1.96 TeV

1.96 TeV
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Model: TMD evolution and Fourier transform

Fyur(x, 2, Php, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)6(zkyL — Ppr + P1) + O(M?/Q?)

convolution

1 . ~
i, kys ) = %/deLe_Zbi'“ffL(x,bL;MQ)

Fourier transform: bt space
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Model: TMD evolution and Fourier transform

Fyur(x, 2, Php, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)6(zkyL — Ppr + P1) + O(M?/Q?)

convolution

1 . ~
i, kys ) = %/deLe_Zbi'“ffL(x,bL;MQ)

Fourier transform: bt space

fi(z,brs ) =3 (Copi ® f) (, by ) e Critem) IO Mg fa (00 )

)
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Model: TMD evolution and Fourier transform

Fyur(z, 2, Pip, Q%) =Y /dkL dP | fi(x, k%) D" (2,P1)6(zkyL — Ppr + P1) + O(M?/Q?)

convolution

1

fil(@ ki n®) = o / A?bye™ " fi (b )

Fourier transform: bt space

fl (gj br; u ): a/z ®f1 T b*,,LLb S(b*,,ub ) gK(bT)l uo fNP z, bT

collinear PDF
nonperturbatlve part

of evolution
nonperturbative part

pUCD of TMD
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Model: non perturbative elements

it &0 A2 (1 (<2 ok

7
(k% )i + MK?);

~

Finp(z,br) =

sum of two different gaussians
both for parton distributions (not fundamental) and fragmentation
with kinematic dependence on transverse momenta

(1 _ x)axa )
(k1 o)(x) = (k1 ,) (1— 2)237 where (k7 ,) = (k7 ,)(&), and & = 0.1.
. & _ . ) )
<PJ2-,CL—*h>(Z> — <PJ2_,a—»h> Ezﬁ _—:: g; Ei _ Z;: where <PJ2_,a—»h> = <PJ2_,a—»h><Z>7 and z = 0.5.

Monday, September 26, 2016 16



Model: non perturbative elements

— )X p0 2 52 ZB 0 —2)
e a0

Iic = g2 g,=0.13 + 0.02 Ge\?

In total we have 11 parameters, for intrinsic transverse momentum
(4 PDFs, 6 FFs) and evolution (g2)
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bt prescription

BT-star

B 1 _ e_b%/bfnax
b*(bT; bmin7 bmaX) — bmaX ( 1 — e_bal"/bfnin )

:b*
141

bmax

These choices guarantee that for
Q=1 GeV the TMD coincides with
the NP model
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bt prescription

BT-StaI"

_ 1 — e_b%/bfnax
b*(bT; bmina bmax) — bmax < _pa /b4 >

1.4ib*
I Q2
" Q=5GeV
Q=20Gev , .
05 bT (GeV 1)

The phenomenological importance of bmin is a signal that, especially in
SIDIS data at low Q, we are exiting the proper TMD region and
approaching the region of collinear factorization
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Hermes results (some bins

(2)=0.24 (offset=10)
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(2)=0.43 (offset=4)
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Hermes results (some bins)

HERMES mult, proton, T~
L T T T T T

HER
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grey bands represent 68% c.l. of

replica results
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Hermes results (some bins)

e (2)=0.24 (offset=10)
(2)=0.28 (offset=8)
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HERMES

mult, proton, 7t~
T T T ‘ T T T
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X2/ dof = 3.30 for proton 1
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Hermes results (some bins)

1o oRES maproon g, RERMESmulproton -y, HERMESmulproton, 7, HERMES mul proton, 7T
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grey bands represent 68% c.l. of

replica results _
X2/ dof = 3.30 for proton

proton T worse, however normalizing the theory curves to the first
bin, without changing the parameters of the fit, X/ dof improves
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Compass (so iNs)

(x)=0.007, (Q*)=1.5 GeV? (x)=0.01, (Q*)=1.8 GeV/? (x)=0.015, (@*)=2. GeV? (x)=0.015, (@*)=3. GeV?
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First points are not fitted, but

used as normalization to avoid Compass deuteron h*
problems related to data X2/ dof = 1.49
normalization (considered as fixed

parameters
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Drell-Yan data

(Q)=4.5 GeV
(Q)=5.5 GeV
(Q)=6.5 GeV
(Q)=7.5 GeV
(Q)=8.5 GeV
(Q)=11.0 GeV
(Q)=11.5 GeV
(Q)=12.5 GeV
(Q)=13.5 GeV
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x?/dof distribution

n. replicas

35

of 50 replicas
25 -
203—

15

10F

with original data:

| 1 1 | 1 1 1 1 1
2.5 3.0 3.5 4.0 4.5

X2/ dof greater w.r.t original data

minimization convergence more difficult

Monday, September 26, 2016

x%/dof = 1.42
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TMD PDF

X (1 —x)%x°

<kJ_,a,>(x) — <kJ_,a> (1 . a"j)a:’l\jo‘ )

rameter

(K)x) @ 1 GeV (K )(x)
rr T T T j j T T T 0.77““ T T
0.5- 5
: 0.6
041 0.5
& 0.3¢ a 0.4F
> I = —
) - O i
Q0.2 ©.0.3;
E 0.2; :
0.1 , ]
i 0.1+ -
0.001 0.010 0.100 1 0.005 0.010 0.050 0.100 0.500 1
X X
o . :
ot initial scale | GeV2 68% c.l. c.ompared v'wth other fits (i.e.
Anselmino, Schweitzer, gmc_trans)
7.2
<kl,d> (X(random) 0] }\F
+
0.28+0.07 2.9940.01 0.20£0.03 |.74£1.73
[GeV2]
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TMD FF parameters

<P_12_,a—»h>(z) — <pJ2_,a—»h>

0.2

(27 +6) (1—2)

(P_E,favxz)

(28 4+0) (1—2)

0.4/

0.3

0.1

09

at initial scale 1GeV?2

0.30,
0.25-

0.20+

[GeV?]

0.10:

0.05"-

015

<pJ2_,fcw> <pJ/_2,fcw> B Y 6 AF
0.21+£0.01 {0.03£0.001
[GeV2] [GeV?] 1.69+0.81 | 2.32+0.66 | 0.12+0.09 | 4.31+1.34
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Preliminary: flavor dependence

New cuts are probably necessary:

Q2>15GeV?, 0.25<z<0.6

Reduced number of bins

5533

improved X=/ dof
~[.10

work in progress!

Monday, September 26, 2016
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Conclusions

»\We extracted TMD PDFs on more than 8000 data points on
different data sets, multidimensional and at different energy scales

» \We used the replica method to extract the parameter values

» This work Is a first attempt toward a global fit of unpolarized TMDs,
once the analysis of unpolarized structures will be complete, we can
rely on a solid baseline to address polarized structures

»\Working on improving the analysis of flavor dependence

Monday, September 26, 2016
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The replica method

m(x,z, P,r, Q%), proton target

Monday, September 26, 2016

3.

: T
2 % % I\ (x)~0.15

! (Q%)~2.9 GeV?

A 0.27<z<0.30

[ m 0.38<z<0.48
1t %

[ .

g r 5

_ O o

0.0 0.4 0.8

Example of original data
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The replica method

two targets

m(x,z, P,r, Q%), proton target

Monday, September 26, 2016

3-

: T -
2 % % I\ (x)~0.15

! (Q%)~2.9 GeV?
A 0.27<z<0.30
[ m 0.38<z<0.48
1t %

! . ]

g r 5

_ O o
0.0 0.4 0.8

Example of original data

4 final hadrons

5 x bins

/ z bins
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The replica method

Monday, September 26, 2016

m(x,z, P,r, Q%), proton target

3.
_ -
23_ } % )\ (x)~0.15
' A (Q%)~2.9 GeV?
A 0.27<z<0.30
m 0.38<z<0.48
’
T . .
§ i i
. z
: | | | | | | | | o
0.0 04 0.8

Data are replicated (with Gaussian distribution]
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The replica method

Monday, September 26, 2016

m(x,z, P,r, Q%), proton target

3-

[ -
of { } (x)~0.15

| )\ (@%)~2.9 GeV?
A 0.27<z<0.30
[ m 0.38<z<0.48
1L

[ 8 =

(] i }

j 0 A
00 04 08

The fit I1s performed on the replicated data
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The replica method

Monday, September 26, 2016

m(x,z, P,r,Q%), proton target

3-
| m
of (x)~0.15
| (Q%)~2.9 GeV?2
] A 0.27<z<0.30
I m 0.38<z<0.48
s
0.0

The procedure Is repeated 200 times
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The replica method

m(x,z, P,r, Q%), proton target

3.

[ -

5 ﬁs (x)~0.15
(Q*)~2.9 GeV?
A 0.27<z<0.30
m 0.38<z<0.48

LIS

D NU\D
00 04 08
Pht

For each point, a central 68% confidence interval is identified
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U and b. prescriptions

Fi(,brs p?) =Y (Cupi @ f1) (@, bas pap) e O I OTI GG (2 br)

)
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U and b. prescriptions

Choice Choice

Fi(bripn?) = (Capi @ F1) (@, by ) e britom) g OV N5G fa (0 by

)
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U and b. prescriptions

Choice Choice

N/ .

fi(a, brs p?) =) (Cayi ® f1) (@, 043 pp) e Oritn ) I TIIGG fa (0 b

pp = 2 E /b, by = Collins, Soper, Sterman, NPB250 (85)

—y - T 1/4 Bacchetta, Echevarria, Mulders, Radici, Signori
pp = 2e7 75 /b, bi = bmax | 1 — e Pimax arXiv:1508.00402

up = Qo + qr by = br DEMS 2014

Monday, September 26, 2016
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U and b. prescriptions

Choice Choice

\

192 A

fi(a, brs p?) =) (Cayi ® f1) (@, 043 pp) e Oritn ) I TIIGG fa (0 b

Uy = Qe TE /b*
Ly = 2 F /b*
o = Qo + qr

Complex-b prescription

Monday, September 26, 2016

Collins, Soper, Sterman, NPB250 (85)

Bacchetta, Echevarria, Mulders, Radici, Signori
arXiv:1508.00402

DEMS 2014

Laenen, Sterman,Vogelsang, PRL 84 (00)
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Nonperturbative ingredients 1

192 A

Fi(,brs p?) =Y (Cupi @ f1) (@, bas pap) e O I OTI GG (2 br)
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Nonperturbative ingredients 1

i/

192 A

Fi(,brs p?) =Y (Cupi @ f1) (@, bas pap) e O I OTI GG (2 br)

Monday, September 26, 2016
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Nonperturbative ingredients 1

f/:/la(x7 bT7 :UJQ)

Monday, September 26, 2016

i/

:Z(CN'@/Z-@)ff)(x,b*;ub) S(Bus,1) gK(bT)l o fNP(CU bT)

7

6_ (b2 almost everybody
___ b7
o (@), Pavia 2013, KN 2006

DEMS 2014
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Low-bt modifications

see, e.g., Bozzi, Catani, De Florian, Grazzini

log (Q°b7) — log (Q%by + 1) hep-ph/0302 104

see talks by Collins, Boglione, (Rogers?)

Monday, September 26, 2016
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Low-bt modifications

log (Q°b7) — log (Q%by + 1) hep-ph/0302 104

- bt + b3/ (C3Q?)
b« (be(bT)) = \/1 + b2 /b2, + b3/ (C2Q2b2,...)

Collins et al.
arXiv:1605.0067 1

see talks by Collins, Boglione, (Rogers?)
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see, e.g., Bozzi, Catani, De Florian, Grazzini
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Data selection

Q> > 1.4 GeV?
0.2 <2z <0.7
Prr,qgr <0.20Q + 0.5 GeV

Monday, September 26, 2016

P,y < 0.8 GeV (lf z < 0.3)
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Data selection

Q? > 1.4 GeV?
0.2 <2z <0.7
Pyr,qgr <0.2Q + 0.5 GeV Prr < 0.8 GeV (if 2 < 0.3)

Total number of data points: 8156
Total X%/dof = .45
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Pavia 2016 perturbative
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