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In 8 nutshell
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Some introduction



otandard parton distribution functions

Standard collinear PDFs describe the distribution of partons in one dimension in momentum space

[ ongitudinal momentum e |® partons

kT = x Pt




otandard parton distribution functions
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Transverse Momentum Distributions

TMDs describe the distribution of partons in three dimensions iIn momentum space

Transverse
momentum

Longitudinal momentum
kT =zP?




Transverse Momentum Distributions
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Transverse 0.05
momentum

» =~ . 0.20
[ ongitudinal momentum ® N ' 1.0
J e |® partons
kT = 2 PT o

° w‘ 0.5

\ < ° k, (GeV)
P e o © 0.0 %y
0.5
1.0
1.0 77 Gev)




30 structure In momentum space
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30 structure In momentum space

Unpolarized TML
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PDFs

Parton distribution
functions (x)

Transverse- momentum Impact-parameter
distributions (z,k.) ~ .* distributions (z,b] )

TMDs

Wig_}ner_}distributions
(:Ev kJ_v bJ_)

— b | dependence , . .
these two variables are NOT Fourier conjugate

""" ) S | dependence
see, e.g., C. Lorce, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11)
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PDFs

Parton distribution Form factors
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Recent review
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The unpolarized TMD
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Extracting TIMDs
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Presently Oor soon available fits

Framework ERMES COMPASS Y Z production N of points
KN 2006 NI X X v 4 98
hep-ph/0506225
Pavia 2013
(+Amsterdam,Bilbao) No evo 4 X X X 19538
arXiv: 1309.350/
Torino 2014
(+JLab] No evo v v X X 2/6 [TI]
arXiv- 1315 6961 (separately] (separately] 6284 LC]
DEMS 2014
arXiv:140/.3311 NNLL x x v v 223
EIKV 2014 - . Y y .
arXiv: 1401.5078 NLL 1 [(xQ5) bin 1 (xQ%) bin 000 (?)
Pavia 2016 NLL v v v v 8059
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The TMD “eight-thousander” fit




The TMD “eight-thousander” fit




Executive summary of Pavia 20716 results 1 /3

Total number of data points: 8053

Total number of free parameters: 11
(4 for TMD PDFs, 6 for TMD FFs, 1 tor TMD evolution]

Total X2/dof = 1.52+0.03
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Executive summary of results 2/ 3
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Executive summary of results 2/ 3
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Executive summary of results 2/ 3
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Executive summary of results 3/ 3
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Structure functions and TMDs

hadron

TMD Parton TMD Parton
Distribution Functions Fragmentation Functions

Fyur(z, z, Pip, Q%) ZHUUT ) U /dkL dP | f{(x, k- ;1 )Daf)h(z P2 12 ) 5(sz — Ppr+ P
*W r) + O(M?/Q?)

see talk by Bowen \Wang
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Semi-inclusive DIS

[(0) + N(P) = 1({) + h(Pp) + X
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TMD evolution: Fourier transform

1 | -
fi(x, ko p?) = /alQbTe?“bT"’“L fi(x, br; p?)

C2r

Rogers, Aybat, PRD 83 (11)
Collins, "Foundations of Perturbative QCD” [11)

possible schemes, e.g.,
Collins, Soper, Sterman, NPB250 (65)

Laenen, Sterman, Vogelsang, PRL 84 (0O0)
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C/3 [13]
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TMD evolution: Fourier transform

1 | -
fi(x, ko p?) = /alQb:reZbT"’“L fi(x, br; p?)

C2r

fi(@brip?) =3 (Capi © F1) (0, by )5 ritot) I8 CTI G fa (1 by

7
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TMD evolution: Fourier transform

fl(‘r br; 1*)

collinear PDF

1
27T

a/z®f1 T, by iy )€ S(b Habt) gK(bT)l _fNP , br)

nonperturbatlve part

of evolution

nonperturbative part
of TML

Rogers, Aybat, PRD 83 (11)
Collins, "Foundations of Perturbative QCD” [11)

possible schemes, e.g.,
Collins, Soper, Sterman, NPB250 (65)

Laenen, Sterman, Vogelsang, PRL 84 (0O0)
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C/3 [13]
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Perturbative ingredients

Fi(@ b p?) = (Cayi ® f1) (@, bas py)e® Critos) IOV 05G fa (1 by
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Perturbative ingredients

j 95 A

fi(@,brs pn?) =Y (Cupi @ f1) (@, bas py)e”brito i) IOV g fa (2, be)

A2(O(arg)) A3(O(ag))
B1(O(a)) B:(O(rg))
Co(O(ass)) C1(O(as)) C3(O(s))
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Perturbative ingredients

py) eSS0ttt I PTG o (o, b

A3(0O(a3))

B2 (0(a%))

C (O(O‘%))

Ho(O(ag)) H, (O(ag)) Hy(O(a%))
Y1 (O(ag)) Y2(O(a))
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Pavia 2016 perturbative ingredients

Fi(@ b p?) = (Cayi @ f1) (@, bas py)e®Prittos) IOV 05G fa (1 by

A2(O(rg)) A3(O(ag))
v

B1(O(as)) B2(O(a%))
v

C1(O(as)) C2(O(ag))

H, (O(ag)) H(O(ag))

Y1(O(as)) Y2 (O(as))
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U and b. prescriptions

Fi(@ b p?) = (Cayi ® f1) (@, bas py)e® Critos) IOV 05G fa (1 by

1
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U and b. prescriptions

N/ .

fi(@,brs p1?) =Y (Cupi @ f1) (@, bas py)e”Eito i) IO g fa (2 be)

1y = 2e7E /b, b, = \/1 e Collins, Soper, Sterman, NPB250 (85]
T/ Ymax
_ ffr /4 Bacchetta, Echevarria, Mulders, Radici, signori
py = 2e77F /b, b = bmax | 1 — e "max arXiv: 1508.00402
DEMS 2014
po = Qo + qr by = br
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U and b. prescriptions

N/ .

fi(@,brs p1?) =Y (Cupi @ f1) (@, bas py)e”Eito i) IO g fa (2 be)

1y = 2e 72 /b, by = Collins, Soper, Sterman, NPB250 (85]

t \/* Bacchetta, Echevarria, Mulders, Radici, Signori
arXiv: 1508.00402

DEMS 2014

|
>
~

Mb:QO+QT b*

Complex-b prescription Laenen, Sterman, Vogelsang, PRL 84 (0O0)
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Nonperturbative ingredients ‘1

Fi(@ b p?) = (Cayi ® f1) (@, bas py)e® Critos) IOV 05G fa (1 by
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Nonperturbative ingredients ‘1

/

j 95 A

fi(@,brs p?) =Y (Cupi @ f1) (@, b pp)e” Eitr i) IO g fa (2 br)

e (b§> almost everybody
2
SN Pavia 2013, KN 2006
. <bT(w)>a
6—)\le (1 e )\2[)%) DEMS 2014
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Nonperturbative ingredients 2

Fi(@ b p?) = (Cayi ® f1) (@, bas py)e® Critos) IOV 05G fa (1 by
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Nonperturbative ingredients 2
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Nonperturbative ingredients 2

/

B

fi(@,brs p?) =Y (Cupi @ f1) (@, b pp)e” Eitr i) IO g fa (2 br)

1

b2
_QZ?T

b2

—2¢gsIn (1 + —T>
4
_ Cras (,Ub )b%
T bmax 1 T -
gO( ) ( P 7TQO(bmaX)blgnatx i

Collins, Soper, Sterman, NPB250 (85)

Aidala, Field, Gamberg, Rogers, arXiv: 1401.2654

> Collins, Rogers, arXiv:1412.3820
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Low-bt modifications

log (QQb%) — log (sz?p + 1)

see, e.g., Bozzi, Catani, De Florian, Grazzini
hep-ph /0302104

2/


http://arxiv.org/abs/hep-ph/0302104

Low-bt modifications

see, e.g., Bozzi, Catani, De Florian, Grazzini
hep-ph /0302104

by (be(br)) = \/ b1 + b /(C Q)

bo 1
bmin — b* bc 0)) =
L+ 03, /b2, + 3/ (CEQ702,,.,) R ¥ \/Hb/((f?@?b?nax

Collins et al., arXiv: 1605.006 /1

)

2/


http://arxiv.org/abs/hep-ph/0302104

Low-bt modifications

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

log (Q°b7) — log (Q*b7 + 1) hep-ph,/0302104
bo(belbr) = | g D) b = b (be(0)) = oo 1
e L+ b7 /0% ax + 05/ (C5Q%07,0) o C CsQ | 1405/ (C5Q%0ax)

Collins et al., arXiv: 1605.006 /1

Justification: the modification Is allowed because It affects a region where the TMD formalism 1s anyway
unreliable (high transverse momentum]), and allows us to recover the integrated cross-section (unitarity
constraint) instead of leading to infinite results.



http://arxiv.org/abs/hep-ph/0302104

Pavia 2016 “choices”

Fi(@,brii®) =3 (Caps ® 1) (@, b p)eSCritn ) < PTG fo (o by

1
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Pavia 2016 “choices”

9K = —925" po = 1GeV
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Pavia 2016 “choices”

[, brs p?) = Z(éa/i ® f1) (@, by; p)e Sbinuonn) ggr (b) I Gg fa (4 b

1

9K = —927 po = 1GeV
) b4 /b4 1/4
up = 2e” 7% /b, b, = bmax(—: ot b ) Dnax = 2€ 'F
1 — 6 min
Ve TE
bmin — -
@
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Pavia 2016 “choices”

b2
QK-——1D?§
Uy = 20 TF /b

Collinear PLC

1

o = 1 GeV

b,

F and FF sets:;

b /b2

max

1l —e™
bmax ,
1l —e€

5JR

5% /b

8 NL

, DS5514 NL

1/4
_ ) -

bmin

— 26—7E

26_’7E

T Q

for pions,

o0

)= 3 (Cop ® i) (@ bus pa)e 50 W OO ey (2, br)

/ for kaons
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Pavia 2016 “choices”

f?’(x, br; ,u2) = Z(éa/i 2 f{)(% b, Mb)GS(E*BMbaM)egK(bT)ln m

IK = —927 po = 1GeV
—_ o 6 bf__ll—’/bilnaX
- —YE -
Uy = 2e /b* b* — bmax _ e b%ﬂ/bfn i
Collinear PDF and FF sets: GJRO8 NL

, DS5514 NL

bmin

TR

26_’7E

Q

for pions,

a

o0

/ for kaons
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Effects of b« prescription

1/4
_ :_ — e_b%”/bfnax —y
by = bmax 4 bmax = 2e "

:_ —_ e_bT/bfnin
2 VE
bmin — Q
X[ :
1.5 :
- Q=1 GeV I
IS 1.0t
- Q=2 GeV
0.5¢
007 Q=10GeVv.
0.0 0.5 1.0 1.5 2.0
br [GeV™ "]

Uy — 20 F /b*

29



Effects of b« prescription

1/4
:_ —_ e_b?i”/bfnax .
Dnax = 2€ 'F

. 4 41
1 — e_bT/bmin

2e” TE

Q=10 GeV
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Effects of b« prescription

1/4
b :_ — 6_b%”/bfnax / b
— IMa IMmax
* :_ — e_b%/bfnln

2.01

26—7E

2e” TE

Q

25 v
: Q=10 GeV

2.0
Q=2 GeV

1.5/
Q=1 GeV

1.0 —
0.0 0.5 1.0 1.5 2.0

b never bigger than

.

J nor smaller than 1

JJ

eV
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Effects of b« prescription

1/4
. :_ - e_b?lt”/bfnax —vE
b* — bmax bmax = 2Ze

:_ — e_b%/bfn1n
Uy — 20 F /b*
26_7E
bmin — Q
2.5_‘ """""""""""
: Q= 10 GeV
2.0
e [Q=2GeV
3 _
1.5_‘
Q=1 GeV
1.0 ———m—
0.0 0.5 1.0 1.5 2.0

.

Ub never bigger than Q nor smaller than 1 GeV

No significant effect at high @, but large effect at low Q (inhibits gluon radiation]
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Functional form of TMDs at 1 GeV

k3 Rk
fon < FT. of ( ) 4 2o (o) )
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Functional form of TMDs at 1 GeV

T — .
ol '
0.2l
0.6}
0.4}

0.2}

0.0k '
0.0 0.2 0.4 0.6 0.8 1.0
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Functional form of TMDs at 1 GeV

(1 —x)%x®

x-dependent width  (k1..)(x) = (k2 ,) 155

where (k% ) = (k3 ,)(2), and & = 0.1.

30



Functional form of TMDs at 1 GeV

X-dependent width

(K2 o) (@) = (k1)

Fragmentation function i1s similar

Including TML

(4 for TML

P

=B

Fs,

Fs and FFs, in total: 11 free parameters

b for TML

FFs, 1 for TMLC

evolution]
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Data selection

Q> > 1.4 GeV?
0.2 <z <0.7
Prr,gr < MIH[OZ Q,0.7 QZ] + 0.5 GeV
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Data selection

Q> > 1.4 GeV?
0.2 <z <0.7
Prr,gr < MIH[OQ Q,0.7 QZ] + 0.5 GeV

Total number of data points: 80593
Total X2/dof = 1.52
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Data vs. theory plots



COMPASS selected bins
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CDI\/IPASS selected bins
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HERMES, selected bins

Multiplicity

(Q?)=1.5 GeV?
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HERMES, selected bins

Multiplicity

(Q?)=1.5 GeV?
(x)=0.061

(Q%)=1.8 GeV?
(X)=0.096

(Q?)=2.9 GeV?

(Q?)=5.2 GeV?

(Q?)=9.2 GeV?
(x)=0.41
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Pnr[GeV]

0.2 04 0.6 0.8
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2/ dof = 4.

The worst of all channels...
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HERMES, selected bins

Multiplicity

(Q?)=1.5 GeV?
(x)=0.061

(Q%)=1.8 GeV?
(x)=0.096
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(Q?)=5.2 GeV?
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x2/dof = 4.8

The worst of all channels...

However normalizing the theory
curves to the first bin, without
changing the parameters of the
X2/ dof becomes good

fit,
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Drell-Yan data
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Drell-Yan data
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Drell-Yan
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evolution "scheme” and its parameters

Anti correlation between transverse momentum in TMD PDFs and in TMD FFs, in spite of Drell-Yan data
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Nonperturbative evolution parameters

TMD evolution i1s not unique

y determined by p

J

G

calculations. Nonperturbative input is needed to

determine evolution precisely. Different schemes may behave differently.

g2 (GeV?) Pmax(GeV)
SBLNY 2003 | 0.68 + 0.02 0.5
KN 2006 [0.184 + 0.018 1.5
EIKV 2014 0.18 1.5
Pavia 2016 | 0.12 + 0.01 1.123
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TMD evolution i1s not unique

y determined by p
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calculations. Nonperturbative input is needed to

determine evolution precisely. Different schemes may behave differently.

g2 (GeV?) Pmax(GeV)
SBLNY 2003 | 0.68 + 0.02 0.5
KN 2006 [0.184 + 0.018 1.5
EIKV 2014 0.18 1.5
Pavia 2016 | 0.12 + 0.01 1.123

Faster evolution: transverse momentum
Increases faster due to gluon radiation

Slower evolution: the effect of gluon
radiation Is weaker
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Conclusions

* \We demonstrated for the first time that it is possible to fit simultaneously SIL
data

* \We extracted unpolarized TMDs using several thousand data points

* The TMD framework seems to hold pretty well

* Most of the discrepancies come from the normalisation

* Y terms still to be implemented

1S, O

Y, and Z boson
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Drell-Yan + Z production data (DEMS 2014)

[D’Alesio, Echevarria, Melis, Scimemi, JHEP 1411 [14)
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evolution at Next-to-Next-to-Leading log (state of the art)
Several choices are peculiar to this fit and not "standard
The agreement with data is excellent [X2/dof = 1.10])
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The replica method

m(x,z, P,r,Q%), proton target
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Example of original data
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The replica method

two targets

m(x,z, P,r,Q%), proton target
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| >
23_ % % A (x)~0.15
| (Q?)~2.9 GeV?
A A 0.27<z<0.30
m 0.38<z<0.48
L S
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. 7 5
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Phr

Example of original data

4 final hadrons

5 x bins

/ z bins
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The replica method

m(x,z, P,r,Q%), proton target
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Data are replicated (with Gaussian distribution]
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The replica method

m(x,z, P,r,Q%), proton target
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A 0.27<z<0.30
[ m 0.38<z<0.48
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] } }
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The fit Is performed on the replicated data

o0



The replica method

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

3-
| m
of (x)~0.15
3 (Q%)~2.9 GeV?
A 0.27<z<0.30
m 0.38<z<0.48
LS
O
0.0

The procedure Is repeated 200 times
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The replica method

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

3-
_ -
(Q%)~2.9 GeV?
A 0.27<z<0.30
m 0.38<z<0.48
LS
00 04 08

For each point, a central 68% confidence interval Is identified
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