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Quark TMD PDFs S

extraction of a quark
not collinear with the proton
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Quark TMD PDFs

a similar scheme
holds for fragmentation
and for gluons
In Lorentz space
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extraction of a quark
not collinear with the proton
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How to access TMDs ? Jefferson Lab

flavor structure of unpolarized quark TMDs

TMDs and QCD evolution

e
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How to access TMDs ? Jefferson Lab

flavor structure of unpolarized quark TMDs

electron-positron
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How to access TMDs ? Jefferson Lab

flavor structure of unpolarized quark TMDs
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How to access TMDs ? Jefferson Lab

flavor structure of unpolarized quark TMDs

electron-positron

/ \

Q=382GeV Q=10 GeV @ =80.385 GeV. -

TMDs and QCD evolution

Q = 1.55 GeV Q = 9.39 GeV
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How to access TMDs ?
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et + P/D — et + 75 /Kt + X

TMDs at work In SIDIS

references :

AS, Bacchetta, Radici, Schnell
10.1007/JHEP11(2013)194
Bacchetta, Radici, AS
10.1142,/52010194514600208
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http://dx.doi.org/10.1007/JHEP07%282015%29158
http://dx.doi.org/10.1007/JHEP07%282015%29158
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http://dx.doi.org/10.1142/S2010194514600209

Transverse momenta

} Gaussian distributions §

o(Por) ~ ) fi(a, k1) @ DI7" (2, PT)

(Bipg) = 2K ) + (P2, ) 1 2

fla(x7 kJ_) — fla(x)ﬂ_

D™ (2, PL) = D$(z)

§ flavor- and kinematic- §
N dependent widths

proton
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Flavor dependent TMD PDFs

replica 73
x?/dof = 1.70

sea width
> (mostly)

uy, width

— E—

point of :
no flavor dep.

b
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Flavor dependent TMD PDFs

sea width

> (mostly)

. &« v2/dof = 1.7
uy width I X

| — . 0.6 4 ‘\ l’epllca 186
04702 04 06 08 1.0 12 1.4 16 x?/dof = 1.38
point of : (k.u,)
no flavor dep.
0
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Flavor dependent TMD FFs

(PL o) =APL o) = (PLyn—) = (Pl yn) = (Pl o)
<PJ2_,u—>K+> = <PJ2_,a—»K—> = <Pf,uK> ;

<PE,§—»K+> = <Pi,s—»K—> = <PJ2_,3K>7

<PJ2_,all others> = <PJ2_,unf> .
1.4
q—n favored width " .
< N§ N% 1.2 .:: . ..".E::
q—K favored width = .
1.1 49,,3
1.1 1.2 1.3 14
. p2 )
oint of P
. p (P_?_,fav>

no flavor dep.

gq—n favored width < unfavored

T

L T e——
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Flavor dependent TMDFs

(P o) = (Pl ) = (Pl ) = (Pl ) = (PP f
<PJ2_,u—»K+> = <PJ2_,a—»K—> = <Pf,uK> ;
<PJ2_,§—»K+> = <PJ2_,3—»K—> = <Pf,sK> )

<PJ2_,all others> = <PJ2_,unf> :

q—n favored width " .
< 35 12 o
q—K favored width : ;&“

1.1 ..‘:o?:,:%:

1.0
1.0 1.1 1.2 1.3 1.4

: P2 o)

® point of it

p (P_zL,fav)

no flavor dep.

% q—T favored width < unfavored
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TMDs at work in ete-

references :

Bacchetta, Echevarria, Mulders, Radici, AS
10.1007/JHEP11(2015)076

Bacchetta, Echevarria, Radici, AS
10.1142,/5201019451560023X

10.1051 /epjconf/20158502016

o’
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http://dx.doi.org/10.1007/JHEP11%282015%29076
http://dx.doi.org/10.1007/JHEP11%282015%29076
http://dx.doi.org/10.1142/S201019451560023X
http://dx.doi.org/10.1142/S201019451560023X
http://dx.doi.org/10.1051/epjconf/20158502016
http://dx.doi.org/10.1051/epjconf/20158502016

Kinematics and observables

e+e- CM frame:
production of two back-to-back jets
with leading hadrons h1and h2

h1 only has transverse momentum wrt to z

7
_Pu

2
. o(M
QT ! 2
/ 21 \ Q)
transverse momentum

of the photon in the frame
where ht,2 are collinear

transverse momentum
of h1 wrt photon

The observable: normalized multiplicity, h1ho 2 h1ho
poorly sensitive to perturbative corrections M (Zl’ “2, 47> y)/ M (Z 1) <2; O? y)

B domh2 / do™
 dzy dzs dq% dy ' dz dy

Multiplicity, Mhihe (o o 2
defined as in SIDIS ( 1,22, 4T, y)

o’
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Partonic flavor

M 'n) / M(KTK™)

ratios of multiplicities M) / MK

1.6 1.6
7 fixed scale — flavor indep. (b}, g} 7 fixed scale — flavor dep. (b}, gnn)
1.45 Bmax=1.5 ] 1.4+ Bmax=1.5 ]
92:0.18 922018
1.2} 1.2+ i
1.0- L0 f
0.8 08 ]
c—— 2120.3, 2220.5 I e 2120.3, 22:0.5
0.6r --- z,=0.5, z,=0.5 7 06j ---- 2;=0.5, z,=0.5 7
— 2120.7, 2220.5 I —— 2120.7, 2220.5
. | . . | . . | . . I . . | 04 | . . I . L I L . | . . |
0 4O.O 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
P [GeV?] P [GeV?]

being flavor independent
they factor out and cancel:

no qT dependence is left

o’
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the transverse momentum
dependence is described
ONLY by the
Gaussian distributions

being flavor dependent
they combine and give a
specific qT dependence

band width result from

2
_ kTl g—=h(2) 0 .
intrinsic flavor dependence

d(1]_>h(zv Qz)e 4 g

20



Evolution

M(211221PﬁT) / M(ZI!ZZ!O)

Up scale

lin

{bT, Inp!

_____ bmax=1.0 ~~.~’s ~::~.",,::_~
-0.43 oy b
%2 Q2-14.6 GeV? .
bmax:O-5 s~\~\.
T 4,-0.68 z1=0.5, z,=0.5 \\
10—1 I I ¥ | | I I I |
0.0 0.2 0.4 0.6 0.8
PﬁT[GeVZ]

Dy (2,br; Q) ~ €7 (C i dy)o

o’
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intrinsic transverse momentum
(flavor, kinematics)

M(211221PﬁT) / M(2112210)

ip scale

R
....
— T,

el
g

exp. error m

lin

{bT, gpp!

+
nn

bmax:1.5 S+ '> ...
g,=0.18 T
b...=1.0 g Ty \"'x.‘ Sl “‘ ;
§,=0.43 Nl e TSl T
g Q°=100 GeV? Sl
bmax:O-S ~.~.\. .\~\.\ X
g,=0.68  21=0.5,22=0.5 A .
10-1 . ‘ | - b
0.0 0.5 1.0 1.5 2.0
PﬁT[GeVZ]

model-dependent pieces

non-pert. evolution
(soft gluon emission)




TMDs at work In pp

references :

AS et al.

10.5506/APhysPolB.46.2501

Bacchetta, Mulders, Radici, Ritzmann, AS

In preparation

Echevarria, Kasemets, Lansberg, Pisano, AS
In preparation

o’
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Quark TMDs at the LHC

(v
Z
u
d
W+
U

ke
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Gij ~ <k%>z + <k%>] + soft gluons

g comes from 2 TMD PDFs
and controls the position of the peak



Quark TMDs at the LHC

g

Gij ~ <k%>z + <k%>] + soft gluons

g comes from 2 TMD PDFs
and controls the position of the peak

) /]
: S

-] Lambda = 0.0

[--] Lambda = 0.561955
[T Lambda = 0.671053 |
|--] Lambda =1.0

W+
onf | .ﬁ'}}"‘}:‘f%;:;:;;:,;;... |

1500}
1000}
.ﬁa ’ qr
5 10
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Gluon TMDs at work

(heavy) quarkonium production
Pa % + k

Db C—

+ crossed term

Pao+ Pp — mp(qr) + X
my, = 9.39 GeV

b
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low/medium energy process:
we could extract
information on the non perturbative
part of gluon TMDs

but ... does TMD factorization hold ?



Gluon TMDs at work

(heavy) quarkonium production
Pa % + k

Db %—k

+ crossed term

Pao+ Pp — mp(qr) + X
my, = 9.39 GeV

but

low/medium energy process:
we could extract
information on the non perturbative
part of gluon TMDs

... does TMD factorization hold ?

namely, are we allowed to use such an expression?

do
dqr

ke
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Factorization QCD — NRQCD @ SCET,,

éc(r* £
vvvvvvvv — er— e — Philosophy : check (at NLO) if the structure
T T T of the IR divergencies is the same in the two expressions.
Y “A—— L WV S — LA 1“""‘
%ﬁ,z‘“"‘ /‘1' I 4 | :
,é‘“‘aﬁ | ! :
. T —— ': . S — AR R R S A | I :
~ [ [ |
; \*}"-‘ ,/ 5 - J.u,? ‘Tr}luL \‘\‘ ' ' / : \
[ - 'Q_._.?’ \ | | |

Vlrt (1) PR {H fg/A Q/B}(l)

virt
?samelR?
no: yes:
TMD fact. does not reproduce the TMD fact. reproduces the physical
physical (=QCD) result result and the hard part

can be calculated by subtraction

o’
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Factorization QCD — NRQCD @ SCET,,

,,,,,,,, L3 e e —— Philosophy : check (at NLO) if the structure
Ty T T of the IR divergencies is the same in the two expressions.
£V M ./ , |
L‘l)_ I
A,LA ‘).‘ | ' !
. . A g PRI | I \ : /
~ | | [
O T /L o v ! !
"”,, . .w{'ﬁ_u_}““ ." | ' / : \
Vlrt (1) B { fg/A Q/B}(l)
H virt
?same IR ?
no: yes:

TMD fact. reproduces the physical
result and the hard part
can be calculated by subtraction

TMD fact. does not reproduce the
physical (=QCD) result

o’
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Unpolarized phenomenology

qr ~ @

qr > Q

d
S

>
B 30 F
~—— R
@)
=)
& I
320—
S I
]
=
N -
10 +
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Y o4 AR A AT
XN ) Wy N O

% > 09

X 9

79,7 @,

AN\
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Q
S
£
0>
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)\f = )\h = 0.5 GeV2
Ao = 0.5
Vs = 115 GeV
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dOUU

qdT

Jon ~ CUA ] =l ?hi ]}

NRQCD from Phys. Rev. D 70, 054014
(Maltoni/Polosa)

o~ b7 (Af/ntAq In Q%)

Gaussian model at low gr

We need data at low qr!




New TMD structures

references :

AS et al.
10.5506/APhysPolB.46.2501
Boer, Echevarria, Mulders, J. Zhou
arXiv:19511.03485

Amsterdam group

INn preparation

o’
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http://dx.doi.org/10.5506/APhysPolB.46.2501
http://dx.doi.org/10.5506/APhysPolB.46.2501
http://arxiv.org/abs/arXiv:1511.03485
http://arxiv.org/abs/arXiv:1511.03485

Gluons in spin 1 hadrons

TMDs guarks gluons
spin 1/2 v v
spin 1 \/ P

gluons in spin 1/2

O (k; P, S) ~ F.T. (PS| FT(0) Up g F(€) Uy g |PS)

gluons in spin 1
O (k; P, S, T) ~ F.T. (PST| F*(0) Ujge) F™ (&) Uy 1 |PST)

ke
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8 functions at
lLF leading twist

lLF

as for quarks,
we expect more structures

31



Pomerons from the gauge connection ?

TMDs guarks gluons nothlng_
(non partonic)
link with
spin 1/2 \/ \/ @/ small-x physics
spin 1 \/ P P

gluons in spin 1/2
O (k; P, S) ~ F.T. (PS] F+“(O) Ulo,¢] F+”(£) U[&O] |IPS)

ILF

removing the gluon fields from the gluon correlator:

kp X S
5(z) ®(kr; P, S,n) ~ E.T. (PS| UP |PS)|,, —> (elkp)) - == (e (kr))
E / “pomeron” “odderon”
m°

only the gauge loop
vrije Universiteit amsterdam 32
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Conclusions

1) There is much to learn about TMDs, and the 12 GeV program at
JLab is an excellent playground

2) How to access TMDs? Flexible and rich models + perturbative
information (TMD factorization and evolution)

3) SIDIS data suggest a flavor dependence in the intrinsic transverse
momentum of partons; this opens the path to yet unexplored
effects

4) we can find its footprints in e+e- annihilation and it might have a
non-negligible impact on Z/W+ production

5) new structures can be introduced: factorization, universality,
evolution, phenomenology, ...

b
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how can we access TMDs

BaCkUp SIides in the “best” possible way ?

ke
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Quark TMD PDFs -

®;j(k; P,S) ~ F.T. (PS] ¢;(0) Upo,¢ %i(€) |PS)

o

extraction of a quark
not collinear with the proton

|LF

quark pol.
U L. T add references
o 1

2, f1 hy
a similar scheme - L
holds for gluons S L gir hit,
in Lorentz space O 1 1 spin-spin and spin-orbit

-

- flT git hl? th interactions

T
k’ Twist-2 TMDs
m°
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Gluon TMD PDFs

O (k; P, S) ~ F.T. (PS| F(0) Ujg¢ F™(€) Uy 1 |PS)

hermiticity, parity,
time-reversal
invariance

ke
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GLUONS

unpolarized | circular linear
R
: (25 b
! < | sh | RS

spin-spin and spin-orbit interactions

between the proton and its constituents

36
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|LF

Mulders, Rodriguez
PRD 63 (2001)
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Transverse momentum spectrum

Intrinsic
transverse
momentum

—

k1|~ Aqep

ke

courtesy A. Bacchetta
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Transverse momentum spectrum

intrinsic soft and collinear
transverse gluon radiation
momentum

% k1| ~ Agep k| <@
o

courtesy A. Bacchetta
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Transverse momentum spectrum

intrinsic soft and collinear hard
transverse gluon radiation gluon radiation
momentum

% k1|~ Aqcp k| <@ ki~ @
o°

courtesy A. Bacchetta
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Transverse momentum spectrum

OPE - matching coefficient

~

Ty/a(x,brsp, C) = Z ég/j(iC,bT;MaC) R tj/a(x; ) +O(brAgep)

TMD PDF I=hdd medium/high qT PDF intrinsic low qr
Sudakov form factor (model)
+ perturbative tail

gr ~ Q qr > Q
>
low-gr resummed W-term matching Y-term fixed order term qr
TMD factorization/evolution collinear factorization

transverse momentum spectrum of physical observables

ke
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Transverse momentum spectrum

TMDs generate the gr dep. of cross sections : but how in practice ?

intrinsic momentum + correct the color code

soft/coll. gluon radiation hard gluon radiation

matching

175

150 S Wpen(b)
..... Wpen(b-’e 08b
125
e se BLNY
>
'8.!8 100 - V(3
|‘ b
13|§ 75
10
50
25 pp>Z X (ECM = 1.8 TeV)
y=0
0
0 5 10 15 20

qT. GeV
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The road to TMD phenomenology

relying on factorization:

SN

COMPUTATIONAL TOOLS

TMDIib, a C++ library
of TMDs

Fitting techniques
(the replica method)

Model the low g A & /al . A TMD Monte Carlo generators
behavior NS\ ' v N
MODELS | |
Quarkonia production
Low-hi.g_h ar e QQ[ZSHLSLS)] X
fransition 4% at AFTER@LHC
Need for (un)polarized gluon TMD PDFs

experimental data !

O

S TN
SCTIONS /N

PERTURBATIVE ¥ e e structure)
CALCULATIONS

\ Calculate the
high g tall

o
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at NLO and NNLL accuracy
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\ F—
SIDIS @ Hermes t A7
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o2f °® ® T 9995 ] o.os:—aﬂ Ba : :
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Intrinsic flavor dependence: a way to account for
differences between cross sections related to different final state hadrons

o’
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Flavor In transverse momentum

UNPOLARIZED

partonic transverse momenta
\§ A

up quarks

TSy

Di(z, P1,Q%)

f', r
..-: )
S35
‘ e 5
B - 4
A :
:; e
R
~qf|‘ —

A =, P do the TMD parts

depend on the quark flavor?

) W ] (
LY PT,5 4  proton momentum’

’l wj)P
v, P L
2 2
wlﬁ fla(kaj_aQ )

UNPOLARIZED
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Kinematic dependence
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Best fit parameters

o’
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Parameters for TMD PDFs

(k.a,)
(GeV?]

(ku,)
[GeV?)

(’E_?L,sea>
[GeV?)

x

(random)

ag

(random)

>
ah
;'—H-'k

,":H:-*

interval [0,2] interval [-0.3,0.1]
Parameters for TMD FFs
<ﬁ_12.,fav> <pi,unf> <15J2_,5K> <p_:L‘),uK> ﬂ )
[GeV?] [GeV?] |[GeV?] (random)| [GeV?)

A

interval [0.125,0.250]
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Parton model picture

TMD region

qr ~ @ qr > Q

qT

e *1la(@ (Q*) = 2.4 GeV?

neglect QCD evo = parton model

(P L)a/n(?) ¢ Flavor and kinematic §

|__dependent widths |

(kT o) # (kT a)) # (kT cen) (PP oyt ) = (P gont) = (Pl ) = (P ) = (Pl gav) »
(P? i) = (P i) = (Pluk) s
(P} goper) = (Pl oi-) = (Pl sk) s

V <P_L,all others> = <PL,unf> .
o’
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The replica method

200 statistical replicas of HERMES data

We get a distribution, not a single value;
physically reacher

ke
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A fit is performed on each replica

200 best-fit values for the parameters

clean access to uncertainties

More complete exploration of the minima in
the space of fit parameters

46



Fits of multiplicities

proton target  global x*/d.o.f.
no flavor dep.

m(x, z, P, 02) proton target

T
1.80 = 0.27
1.83 £ 0.25

(x)~0.15 PN
(@%~2.9 GeV? 1.

o 0.10<z<0.20 |
a 0.27<z<0.30 7
o 0.38<z<0.48 1
<& 0.60<z<0.80 _

K_
0.78 £ 0.15
0.87 £ 0.16

ke

vrije Universiteit amsterdam

47

2.64 +0.21
2.89 + 0.23

K+
0.46 = 0.07
0.43 = 0.0/



Best fit values

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

Parameters for TMD FFs
Default | Q2 > 1.6 GeV? | Pions only | Flavor-indep.
(P2 1,.) [GeV?] || 0.15+0.04 0.15 + 0.04 0.16 £0.03 | 0.18 +£0.03
(P? ) [GeV?] || 0.19 £ 0.04 0.19 £ 0.05 0.19+0.04 | 0.18+0.03
(P? ) [GeV?] | 0.19+0.04 0.19 +0.04 - 0.18 £ 0.03
(P? k) [GeV?] || 0.1840.05 |  0.18+0.05 - 0.18 & 0.03
B 1.43 4-0.43 1.59 4 0.45 1.554+0.27 | 1.30 +0.30
5 1.29 4 0.95 1.41 4+ 1.06 1.20 £ 0.63 | 0.76 + 0.40
o 0.17 £ 0.09 0.16 +0.10 0.15+£0.05 | 0.22 £ 0.06
vrije fﬁsiteit amsterdam 48




Conclusions - SIDIS

0) SIDIS (Hermes) multiplicities are also compatible with flavor
dependent configurations in the intrinsic transverse momentum of
partons

2) Despite not producing dramatic effects on SIDIS, the flavor
decomposition of TMDs opens the way to yet unexplored effects

3) flavor dependence in TMD FFs can be investigated at e+e-
experiment, together with information on the non-perturbative
evolution

4) we need to look at different observables with multi-D kinematic
ranges

b
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Implementation of evolution

dohihe
dz1dzodg7-dy N

X 263/ dbrbr Jo(qrbr) [Z%Df%hl(zlabT;M, 1)z DT "2 (22, b 1, C2) + (g > @)
0

+ Yq(g%f) + O(WQ)

no high gT tail no higher twist
(collinear factorization)

H(QQ, ,u) —> 1, NO alpha corrections

flavor and kinematic

D" (z,br; 1, ¢) = [C @ df"](2,bri 1, ¢) + ?(bTAQCD) ——>  dependent

A\ _J _J/ 4
-~ Gaussian model

/ small by /medium kr igh by /small kr (JHEP 1311 (2013) 194)
LO and NLL l B <k%>q/h(z)b2
pert. Sudakov OPE coefficient dels f e 4 T
uark form factor coethicients models Tor
; are delta on the non-pert. models for
flavors Sudakov quark f.f. the small/high bT
separation
lin/log b2 . [; b . b L b* bT
9np ( TagQ) T( T, max) —{ T > T}
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Implementation of evolution

by = > b
I b2 b0 X two different ways
14 b2 < to approach bmax,
1 the point where we stop
+ b%v 4 trusting the perturbative result
bT — bmax 1 CXP | — A 7 bmax
bmax bT—>OO
for b larger than bmax
a model is needed -
lin (7,2 92,2
also in the evolution gnlg(bT; 92) — ZbT
D g
08 . — L
bmax and g2 Inp (bTa 92) = g2 In (1 + A >
are anticorrelated
parameters

see also PhysRevD.91.074020
(Collins, Rogers)

51
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http://dx.doi.org/10.1103/PhysRevD.91.074020
http://dx.doi.org/10.1103/PhysRevD.91.074020

... factorization scale (evolution scheme)

Q factorization
o0~ In = >

qT at scale (4

factorization in a nutshell

Different choices
are possible for the
factorization scale, with
different implications:

:LLle/b7QT

minimize logs in W
Q minimize logs in H

7
N\
e
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& W

:an—l—lnﬁ

K b H b

/

hard part H perturbative

part of W term
(TMDs)
resumming these logarithms
we get a finite cross section
at low qT
electron 4 X hadron

positron ¥y
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... factorization scale (evolution scheme)

M(ZI!ZZ!PE]T) / M(Z].!ZZ!O)

b1, 9

lin

fixed scale iy Q enhances the logs
in the evolved TMDs,
T mub minimizes them:

exp. error m

In Q/

Bmax=1.5 . e
- ~, ~, S ;%ﬂ"‘-“@..ﬁh_ .-""'"'-..._
9220.18 %“%h g o w.lmg-‘:-:.:-'% |
%“«z g‘*"p, - — o
" . & >, Wﬁ%
- Daa=1.0 % N Up scale
7 g,=0.43 ) 2 e
Q =100 GeV e S, L
brax=0.5 Ty Y In i/ iy = 0
— g,068  2170.5,22=0.5 ey
1071 | . o T
0.0 0.5 1.0 1.5 2.0
P [GeV?)

using Q rather than mub
we get very different predictions

o’
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overall effect: larger distributions,
more perturbative content



... factorization scale (evolution scheme)

overlap between
the two prescriptions
for different NP
parameters

can’t we distinguish
them?

o’

M(ZI!ZZ!PE]T) / M(Z].!ZZ!O)

10° ropm
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Biis=1-0

bmax=0.5

fixed scale

(b3, gpn

}

Q enhances the logs
in the evolved TMDs,
mub minimizes them:

In Q/

In puy /iy = 0

using Q rather than mub
we get very different predictions

o, .. pp scale
Q°=100 GeV*
zi=0.>; z;=0.5 “‘% %
0.5 1.0 1.5 2.0
P [GeV?]
overall effect: larger distributions,
more perturbative content
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... factorization scale (evolution scheme)

Yes, but only
taking into account
the z dependence too!

it requires combined
information on
P1\perp and z1, z2

o’

M(lezZrPﬁT) / M(ZI!ZZ!O)

fixed scal

€

(b3, gm

+
T

T

exp. error m

J

Q enhances the logs
in the evolved TMDs,
mub minimizes them:

In Q/

brex=1.5
9220.18 Ny S '
~ ~ ~— .. e,
bmax:]--o ~, w%*.\p -%%%% b
----- 922043 ) 2 %h%’-»‘ ‘ B, %%*‘“;H S
Q=100 GeV TN s i scale S ~__
) ) g ~ > Impp/py =0
bmax—O-S —O 3 —O 5 "‘m" \.(%, ~
g,=0.68 “17V:2, 227V
10—1 L L | ! L ! ! ! ! ! L ! ! L, o
0.0 0.2 0.4 0.6 0.8 1.0 1.2
2 2
Pi1[GeV”]
using Q rather than mub overall effect: larger distributions,
we get very different predictions more perturbative content
55
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... partonic flavor

mu_b scale evolution

M 7)) /) M(KTKD)

ratios of multiplicities

M n7) ) M(KTK™)

1.6 pp scale - flavor indep. by, I} 1 1.6~ up scale - flavor dep. . by, gnn} 1
L '/', P
[ bmale.S '/' - | [ bmax:]--5 /', ,” -
1.4? 92=018 '/,/,' ”””” ] 1.4? 92:018 '/,/ ””””” 2
1.2+ Tl 12 LT .
: -,“""’4:;========::::::: ________ , :
1.05"""'51-- ] 1.0 1
0.8 1 0.8 |
- === 2;=0.3, 2,=0.5 - == 2;=0.3, 2,=0.5
O6j --=-- 2,=0.5, z,=0.5 i 0.6r --- z,=0.5, z,=0.5 7
: I 21—0 7, 27_=0 5 ] r - 2120.7, 2220.5
04 | | | | | | | | | | | | | | | | | 04 | . . | . . I . . | . . I
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
2 2 2 2
Prr[GeV<] PhrlGeV]

this is the effect of the
perturbative flavor dependence ONLY:

it is induced by RGE equations
with flavor dependent
initial conditions (collinear FF)

o’
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larger effect,
combination of
perturbative and NP
flavor dependence

the transverse momentum
dependence is described
BOTH by the input NP
Gaussian distributions

and the collinear FF
but the two are

2 i i v
d%_)h (z 0 (bT))e_ (kT)q:h (2) b2 difficult to disentangle!
Y
exp. data may be useful
to discriminate among the replicas
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... transition low/medium qT

M(Z1 ’ZZsPﬁT) / M(Z1 ’2250)

t
Up Scale {br, gnd)
1 00 DR + - -
L \~\ \\ i 72- 7(
’ exp. error m
bra=1.5
92:0.18
bmax=1-o . - \\\\~\
g =0-43 \~\\~\.\ ’\.\ >
i Q2100 GeV? _
bmax=0-5 * |;l~1\’\~ ; \’\..\~\"\
— g,-0.68  21=0-9,22=0.5 {brs Gppl Sl TR
10— — ‘ ‘ RN
0.0 0.5 1.0 1.5 2.0
Pa[GeV?]

o’
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100"

M(Z1 522aP|2-|T) / M(Z1 522s0)

Up Scale

(bl, gic9)

+
T

exp. error u

_____ _ bm.x=1.5

9,=0.18 (b3, gnn!
_____ buw=1.0

%=043 02 100 GeVZ -
— :2:;(’6: 2,=0.3, 2,=0.5 |

1900 02 04 06 08 10
P2 [GeV?]
57



... collinear energy fractions z,

M(z1,22,Pi) / M(z1,25,0)

Up, Scale
10°

(b7, gmo}

+ -
T

. error m

R
| z,=0.7 \j’\~
z,=0.5 \\,\\
\§
r 21:0.5
z,=0.5 <N -~ S
‘\. \’\ \\\ \\\\
L z1=0.3 \\ \\ S -~ D
1071 2=0.5 Q=100 GeV? . . 8
L S0, S
, buw=1.5, 92=0.18 " ., N
L L L L 1 L L L L 1 \\‘ \’\‘\ L 1 s
0.0 0.5 1.0 1.5 2.0
P2 [GeV?]

o’
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10°;

M(Z1,22,PﬁT) / M(z1,2,,0)

fixed scale

{bT, np

+
T

T

exp. error m

Iin‘}

72702 T
___21=05 \\‘::::~~
2705 q2_100 GeV?
2707 b=15,0,=0.18
-1 | ! ‘ !
9.0 0.5 1.0 1.5 2.0
PerlGeV?]



Conclusions - e+e-

Five take-home messages :

0) The way we implement QCD evolution affects the extraction of
non-perturbative information - [very important]

1) At Belle scale (100 GeV?) we can discriminate evolution schemes
and pin down non-perturbative evolution parameters (g2, bmax)

2) Annihilations at BES scale (14.6 GeV?) can be very
useful to select non-perturbative intrinsic parameters of TMD FFs

3) Annihilations to different final states {m, K} can be useful to
constrain flavor dependence of TMD FFs

4) knowledge of unpolarized TMD FFs helps in constraining both
(un)polarized TMD PDFs and polarized TMD FFs

b
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Linearly polarized vs unpolarized

lg/A ; Lg/B -
Cl h9/4 pta/ quarkonium - low energy
Riqr; Q) =~ "1
QTa T /A /B
Cl fi77 "7 ] higgs - high ener
1 1 gg g gy
0'9 | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! i 0-5 T T T ! | ! ! ! ! | ! ! ! ! I ! ! ! !
: Q =9.39 GeV ] j Q = 9.39 GeV
0.8 | Q = 125 GeV : - Q = 125 GeV
0.7 | be=1.5GeV-l 04T ]
! Ag = 0.01 E ' be = 1.5 GeV™?
Ap = 0.01 5 03 [ AQ: 001 ]
TAa=7B=Q/\s ' )\f_l' ]
Vs =8 TeV ] 2 [ h= -
] [ rAa=2B=Q/\s
0.2 | Vs =8 TeV .
] 0.1 ¢ i
...v.. 4% %% "”‘O:O?g%gpfAA. AAAAAAA 0 ""v’v‘v’v’v"’v’v""v"‘ . ' SOXXRR EXXSSS0006
0 5 10 15 20 0 5 10 15 20
qr [GeV] 60 qr [GeV]
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Linearly polarized vs unpolarized

0.9 ——o

0.8 [

0.7 E

0.1 F

Q=939 GeV

.0,
: ;OgO?Q‘OAOAOA AN

Q = 125 GeV

b. = 1.5 GeV—1
Ao = 0.01

A\ = 0.01

Ap = 0.01

TA =2 =Q/\/s
Vs =8 TeV

QXXX
E5AKIKKS
IRIRRIRE
2a%6%% %% X
RRXRRRRS

O falinPaliabnkttt MY
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10 15
qr [GeV]

. Nonperturbative physics |
enhanced atlow @ |

0.5 —~———
0.4:
0.3:
0.2 |

0.1

Q = 9.39 GeV

OO
RRRRARIRRRLS

’A‘A’A‘A,5,0?0?0?0?0?0?0’

DIKIIHKIAKIOAAKIKARKAKR IR RRIARR R

Q = 125 GeV

b, =1.5 GeV~!
Ao =1

s = 0.01

An =1

Ta =28 =Q/\s
Vs =8 TeV

OO

020202000,

XRRRRRRRRKS OO
AAN/ Wavavay




Linearly polarized vs unpolarized

0.9 —
0.8 [

0.7 E

QA
Yo

Q=19.39 GeV'

SO0
SRR
tetsternte

a0 o
CAANINE

Q = 125 GeV

b. = 1.5 GeV—1
Ao = 0.01

A\ = 0.01

Ap = 0.01

TA =2 =Q/\/s
Vs =8 TeV
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qr [GeV]

0.5 ——
04 |
0.3 |

0.2 |

0.1

OO
RO
SRR

5 T T

Q
9.0.0.
Do

DI RRRRY

Q = 9.39 GeV
Q = 125 GeV

b, =1.5 GeV~!
Ao =1

s = 0.01

An =1

Ta =28 =Q/\s
Vs =8 TeV

OO
RO
SRRRRHRHKHRRL

Q
XD

XX R -
Rt e & S XX XXX RIXK KR A s o
1 1 N 1 A

10 15

qr [GeV]




Linearly polarized vs unpolarized

7

0.9 —
0.8 [

0.7 E

QA
XX

Q=19.39 GeV'

SO0
SRR
tetsternte

XX o
CAANINE

Q = 125 GeV

b. = 1.5 GeV—1
Ao = 0.01

A\ = 0.01

Ap = 0.01

TA =2 =Q/\/s
Vs =8 TeV
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qr [GeV]

0.5 —
04 |
0.3 |

0.2 |

0.1

Q = 9.39 GeV

OO
RO
SRR

K T T

Q
9.0.0.
Do

DI RRRRY

Q = 125 GeV

b, =1.5 GeV~!
Ao =1

s = 0.01

An =1

Ta =28 =Q/\s
Vs =8 TeV

X
CSRKRKHRX

G KKK KHKD

X XXX XXX XX XXX ]
R R S S RIS ARR X x
YMNNNS SSO006

10 15

qr [GeV]




SCET in a nutshell

1) It is an effective theory of QCD

2) based on a systematic expansion of the QCD lagrangian in powers of small
parameters

3) describes QCD interaction among low and high energy modes on the base of

separate lagrangians for (ultra)soft and (anti)collinear modes

5) ASSUMPTION : SCET reproduces the IR structure of QCD ; need for a “matching”
coefficient

6) useful to implement resummation | good for phenomenology

»CQCD —— L, + Ls+ Loost

ke
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Philosophy : check if the structure

of the IR divergencies is the same as in “full’ QCD.

If so, the SCET-factorized form works as QCD,
namely factorization is “established”




A multistep matching process

QCD

spin-independent
factorization of the cross section matching coefficient:
in terms of TMD PDFs (square root of “hard part”)

\V4 Crh
NRQCD @ SCET,,

re-factorization of TMD PDFs spin-dependent
on the basis of PDFs matching coefficient:
(OPE Wilson coeffs.)
V é’T

q/3

NRQCD @® SCET a0,

ke
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1 : factorization QCD — NRQCD @ SCET,,

QCD effective description

Pa 44k

Db 4 _ Lk

+ crossed term

Oqcp = Cu(—q%; 1) {XTF%W BAE(SESa1)* By

b

quark fields gluon field soft Wilson lines

1 d3q
2s (2m)32F,

b
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do =

[ e 3PS PSEIOW)IX + 1) (X + 1,/ O(0) [ PS. PS)
X




1 : factorization QCD — NRQCD @ SCET,,

do gluon correlators in IPS

ddeC_lJ_ ™~ qu(nq”CH‘ZFLOzFVB / (see M. Echevarria’s talk)
x FT | é’;/VA(xA,bT,SA;/L,CA) GZ/BB(CUBabT,SB;M, (g) ]
-+ O(C]T/M)

TMD factorization region
medium/high gr corrections

1) |CH[*is the “hard part” : at this point still not known

2) NRQCD matrix element 0% (1) =|OD () g} = 2| Rua (01 + O
3) Gamma structure fixed to roo_ QST 2v2¢,,, N2 1
reproduce the LO QCD result o 3VM v (d—2)(d - 3) ‘
i but no pole structure yet: go to next order!
m°
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1 : factorization

QCD — NRQCD @ SCET,,

U_U| _ % [_2% B i (50 +C4ln :“_2) 4 ZCF—2 Coulomb singularity absorbed
OBorn 2w € €Rr \ 2 M? 2v by NRQCD matrix element
12 2 2
— Caln? M2 + QCA( 3 ) +2CF ( — 0+ Z)] renormalization
takes care of UV
HE [CA+ : (ﬁo+0 In 2>—CA— (50 +C ln—2>]
Voo edy euv \ 2 A €r  €IR \ 2 N X2 TMDs

SCET correctly reproduces QCD at NLO

H:[ virt,(1) {fQ/A Q/B}(l) }

vrije Universiteit amsterdam

on-shell renormalization scheme

2

o 2

=14+ 2| —Cy4ln? 2C 2C
H + 5 [ Aln M2 + A( 3 ) + 20 F
see Phys. Rev. D 70, 054014

(Maltoni&Polosa),

Phys.Rev. D48 (1993) (Kuhn&Mirkes)
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2 : re-factorization NRQCD & {SCET,, — SCET,...}

OPE - matching coefficient

~

Ty/a(x,brsp, C) = Z ég/j(CC,bT;MaC) R tj/a(x; ) +O(brAgep)

TMD PDF I=hdd medium/high qT PDF intrinsic low qr
Sudakov form factor (model)
+ perturbative tail

gr ~ Q qr > Q
>
low-gr resummed W-term matching Y-term fixed order term qr
TMD factorization/evolution collinear factorization

transverse momentum spectrum of physical observables

ke
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Unpolarized phenomenology

high gqrspectrum

LHCb data
Eur. J. Phys. C75 (2015) 311

partonic calculation from

Phys.Rev. D48 (1993) 179-189
(Kuhn&Mirkes)

NRQCD from Phys. Rev. Lett. 114, 092004

ke
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qr ~ @ qr > Q)
collinear factorization
100 F Vs =TTeV V .
' pp — e+ X, LHCb |
prompt data
S
b}
@)
~—
o
=y
5 10 F |
3 i
~
o)
S /'7
1 T T T T T T T T T
6 7 & 9 10 11 12 13 14 15
70 qr [GeV]

qdT



Unpolarized phenomenology

TMD region

(see O. Gonzalez’s talk)

ke

vrije Universiteit amsterdam

qr ~ @ qr > Q)

collinear region

V

Y term :

matching between
low and high transverse momenta

v _ dgiT>¢ do™>Y

dqr dqr

On the to-do list!

71
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Conclusions

1) Factorization for gr spectrum of quarkonium has been established
at NLO using the SCET methodology

2) we can make solid predictions for (un)polarized TMD cross
sections for LHC, RHIC, AFTER@LHC

3) implementing perturbative content we can set the grounds for
the extraction of information about the proton structure
(provided that we’ll get data!)

ke
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The gluon Sivers effect

o’

vrije Universiteit amsterdam

Review Boer-Lorcé-Pisano-Zhou
Message : the effect is not constrained!

usual argument : since BSM holds, ,
we know it should be suppressed 3

o

two objections:

1) the numerical extractions are strongly model dependent and
performed at LO

2) we know that any gluon Sivers is given by the sum of two
universal gluon Sivers function (process dependence), one of
each is constrained by BSM and the other not
(since the momentum operator is C-even, the C- even function is
constrained, but the C-odd on no

then there is need for improved predictions
and extractions: we need the theoretical tools
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Unpolarized phenomenology

qr ~ @ qr > Q
>
TMD factorization collinear factorization QT
1/2 .
~ B 2 B prescriptions to
bT(bT) = b, (1 — € (br/be) ) ; b. = 1.5 GeV ! separate between

low and high
transverse momenta

[y, = 2" VE /by

del for low/intrinsi
exp [ — b7 (AT + Ao In(Q%/QP))] transverse momenturm

choices with important
phenomenological impact (at medium energies)

o’
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SCET gluon fields

1

B, = ~[n-PW}iDly, W,]

)

0
Wy(x) = Pexp {/ dsn - Al (x + ns)t”

S, (x) = Pexp

b
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0 i
/ dsn - A% (x 4+ ns)t®
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Quark TMDs at the LHC

do
e d4 oY% |IM|?
7 ar e )
U q/A (q/B o pLa/A Lq/B
™~ C[ 1 1 ] —+ C[ hl h1 ]
unpolarized quarks transv. polarized quarks
, % P q y N P q

W+

b
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Quark TMDs at the LHC

do
U U 2
Y, ar 4 )
U q/A (q/B o pLa/A Aq/B
™~ C[ 1 1 ] —+ C[ hl ]
unpolarized quarks transv. pgsiarized quarks
% P g y N P g ’
Z
no sufficient knowledge
U
W+

b
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Quark TMDs at the LHC

do
— ~ & p M’
d
_ qT
u o pa/A pa/B ) oo pLa/A Aa/B
~ C[ 1 1 ] T C[ hl ]
unpolarized quarks transv. psiarized quarks
P ) § b i
Z
focus on the no sufficient knowledge
flavor structure
U of the NP part

Intrinsic <kr> effects have been
measured on Z data
W and used to predict the W gr spectrum,

assuming they are the same.
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This is not optimal, because
the intrinsic contributions are, in principle,

different in Z and W+ production




Quark TMDs at the LHC

do
—N(I)U(I)UM2
g M
U A B 1lg/A
CLA™ P = el

unpolarized quarks transv. psiarized quarks
& 4 \ 4

focus on the no sufficient knowledge

flavor structure
(% of the NP part

4500 W+ pT,‘ud only

Lambda = 0.0

Lambda = 0.561955
Lambda = 0.671053 |7
Lambda = 1.0

4000

y HHHHH

2000} I T"i-;’..’,;;.,_

e

dO‘/qu

1500} i

| } dT
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W mass determination @ CDF

TABLE X: Uncertainties on My (in MeV) as resulting from charged- TABLE XI: Uncertainties on My (in MeV) as resulting from

lepton transverse-momentum fits in the W — v and W — ev sam- neutrino-transverse-momentum fits in the W — uv and W — ev
ples. The last column reports the portion of the uncertainty that 1s samples. The last column reports the portion of uncertainty that 1s
common in the UV and eV results. commeon in the Uv and eV results.
P fit uncertainties py fit uncertainties

Source W - puv W —ev Common Source W-—-ouv W -—ev  Correlation
Lepton energy scale 7 10 5 Lepton energy scale 7 10 S
Lepton energy resolution 1 4 0 Lepton energy resolution 1 7 0
Lepton efficiency 1 2 0 Lepton efficiency 2 3 0
Lepton tower removal 0 0 0 Lepton tower removal 4 6 4
Recoil scale 6 6 6 Recoil scale 2 2 2
Recoil resolution 5 3 5 Recoil resolution 11 11 11
Backgrounds 5 3 0 Backgrounds 6 4 0
PDFs 9 9 9 PDFs 11 11 11

W boson pr 9 9 9 W boson pr 4 R} +
Photon radiation Rl 4 4 Photon radiation 4 RS +
Statustcal 18 7 | 0 Statistical 22 25 0

Total 25 28 16 Total 30 33 18

| controlled mainly |
§ Dy soft gluons §

My = 80.387 £ 0.019 GeV

o’
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W mass determination @ DO

TABLE VI: Systematic uncertainties on My, (in MeV). The section of this paper where each uncertainty is discussed is given

in the Table.
Source Section mr PT B
Experimental
Electron Energy Scale [VIIC 4] 16 17 16
Electron Energy Resplution ' 2 2 3
Electron Shower Mgdel | 4 6 7
Electron Energy Lok 4 4 4
Recoil Model 5 6 14
Electron Efficiencieg 1 3 5
Backgrounds e 2 2 2
> (Experimental) 18 20 24
W Production and Decay Model
PDF VIC 11 11 14
QED [VIB] 7 7 9
Boson pr jm 2 5 2
> (Model) 13 14 17
Systematic Uncertainty (Experimental and Model) 22 24 29
W Boson Statistics IX] 13 14 15
Total Uncertain ‘ 33

Are there yet unexplored uncertainties

o
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Nonperturbative effects

dO.Z/Wi

dqr

2 2
~FT ) exp{ +gi; b7} gij ~ (k)i + (k7); + soft gluons
]

g comes from 2 TMD PDFs
and controls the position of the peak

175

150

125

pb

dor

dydq; ' GeV
~J
(&)

&

25 pp>Z X (ECM = 1.8 TeV)

y=0

O : = 15 20
qT. GeV DOI 10.1063/1.1896698
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Impact on the peak

We study flavor dependent configurations

IR = pic/2,2pc
pdf (90% cl)

as = 0.121,0.115
Anp =0.7,0.5 ((k3 ) = 1.0,1.96)

non-universal

e

vrije Universiteit amsterdam

non-universal §k lg (maximal W+ effect) +0.09

k? ) (maximal W~ effect)

¢ 9ii(2)
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9ij (W)

[GeV?] 0.7 =u+ua=02+0.5

—d+d=034+04
:...:O.G—I—O.l:...

shifts of peak position in GeV
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MESSAGE:
the uncertainty on the peak position is not negligible
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(Un)polarized cross sections

TMDs known at NLO, NNLL

[ ’rj!_l‘_ VISCIC eavy |10

doyu |, ot lgy Ly
g rg g g
da ~ {CIf{ ] = Clhy?hy 7]} <\® @
I unpolarized gluons | | lin. polarized gluons \“/\ /N
& Y € 4
rich phenomenology
do
UL — () by parity arguments
dqr
gluon Sivers gluon pretzelosity/2
/ gluon pretzelosity/1 /
do UT /

~CIf fi) + Clh o hp) + Clhy PRy )

dqr

ke
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gluon Sivers, pretzelosity 1/2 : OPE still unknown
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Conclusions

0) Phenomenology suggests a flavor dependence in the intrinsic
transverse momentum of partons; this opens the way to yet
unexplored effects

1) it might have a non-negligible impact on Z/W# production

2) are there contributions from transversely polarized quarks ? (Boer-
Mulders effect still not included)

3) 3D proton structure is of interest for high-energy physics:
nonperturbative effects should be extracted and their impact tested

ke
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