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Motivation
L Why TMDs?

Why Transverse Momentum Dependent PDFs?

Goal: full TMD PDFs

TDMs are important in studies on:

> resummation at all orders in the QCD coupling
to many observables in high-energy hadronic
collisions,

» nonperturbative information on hadron structure
at very low kr,

> perturbative region where QCD evolution
equations (DGLAP, BFKL, CCFM) describe
processes

> a proper and consistent simulation of parton
showers,

» multi-scale problems in hadronic collisions,

>

Acta Physica Polonica B, Vol. 46 (2015), Transverse Momentum
Dependent (TMD) Parton Distribution Functions: Status and
Prospects

Important processes: Drell-Yan hadroproduction of

electroweak gauge bosons, Higgs production... 427
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Motivation

What is available at the market

Evolution using MC method:
In this presentation: MC results obtained with updated and improved [ > uPDFevoly code
new version:

» full coupled quark and gluon DGLAP
evolution (gluon, sea and valence evolution)

old version:
» ccfm evolution,

» only gluon and valence quark evolution

» fixed flavour number scheme (only u,d,s)
(separately)

> all loop P(2) > LO in P(z) (we plan to have NLO in P(z)),
' > 1-loop-as (but also 2-loop-as

> 1- or 2-loop-as. implemented).

> f(x 1),

> xf(x,t),
Evolution applicable only for small x, not very

: : 2
high Q2 and all Kinematically allowed ki Evolution over the whole range in x, Q< and all

kinematically allowed k7.
https:/ /updfevolv.hepforge.org/
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What is available at the market

Evolution using MC method:
In this presentation: MC results obtained with updated and improved [ > uPDFevoly code

. new version:
old version:
» full coupled quark and gluon DGLAP

> ccfm evolution . .
' evolution (gluon, sea and valence evolution)

» only gluon and valence quark evolution

» fixed flavour number scheme (only u,d,s)
(separately)

> LO in P(z) (we plan to have NLO in P(z)),

> all loop P(z),

> 1-loop-as (but also 2-loop-as
> 1- or 2-loop-as. implemented).
> f(x,t),

> xf(x,t),
Evolution applicable only for small x, not very

: : 2
high Q2 and all Kinematically allowed ki Evolution over the whole range in x, Q< and all

kinematically allowed k7.
https:/ /updfevolv.hepforge.org/
Similar codes exist (use similar formalism):

evolution code EvolFMC by Cracow group
S. Jadach et al., Markovian Monte Carlo program EvolFMC v.2 for solving QCD evolution equations, Comput.Phys.Commun.
181 (2010) 393-412

Advantages of updfevolv:
> the structure of the code suitable for usage in xFitter (to have full TMDs):
structure of grids — fitting method fast (see slide @)

» different options for studying large z behaviour (see slide @) 5 /27
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Introduction to the method

Sudakov formalism & MC solution of the evolution equation

Sudakov formalism

Evolution equation for parton density

t% - ;L;/%P(z)g (%.¢) = ;—;/%P(z)f (26) - 22r0, t)/dzP(z), (1)

where [ F(x)g(x) 1 dx = [3 F(x)a(x)dx — f3 F(1)a(x)dx.
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Sudakov formalism & MC solution of the evolution equation

Sudakov formalism

Evolution equation for parton density

of (x, t) as dz X as dz X as

—2 == [ =P fl= =— | —P(2)f |- — —f P

(2ot 20 [ Zpyr (Zi) = 52 [ Cr@r (Zie) - 2t [ dep(a),
where fol f(x)g(x)4dx = fﬂl f(x)g(x)dx — fol f(1)g(x)dx.
Introducing Sudakov form factor

Zmax /
Btet) = Au(0) = e~ [ a2 [ 2% p)
to 27

we can rewrite (1)

taf(x, t) «

. :ﬁ/%P(Z)f(;t)—i—f(x,t) t 94s(t)

As(t) Ot

(1)

)

®3)
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Introduction to the method

Sudakov formalism & MC solution of the evolution equation

Sudakov formalism

Evolution equation for parton density

t% - ;L;/%P(z)g (%.¢) = ;—;/%P(z)f (Z6) - St t)/dzP(z), (1)

where fol f(x)g(x)4dx = fol f(x)g(x)dx — fol f(1)g(x)dx.

Introducing Sudakov form factor

Zmax /
As(t, to) = As(t) = exp / / %dip( )
to

2m
we can rewrite (1)

taf(x, t) «

. :ﬁ/%P(Z)f(;t)-&-f(x,t) t 9A:(t)

Ag(t) Ot

After integration

Flx, £) = f(x, to)As(t)Jr;i;/df As(t) /7,3( V(S ).

(t)

)

®3)

(4)
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Introduction to the method

Sudakov formalism & MC solution of the evolution equation

Sudakov formalism

F(x,t) = F(x, to)As(t)Jr—/dt, As(t) /—P( )f(f ¢). (5)

Sudakov: probability of evolving from tp to t without any resolvable branching.

iterative solution:
fx,t) = lim fo(x,t) = i Liog" (1) an e auo)f(X, ¢ 6
(x,t) = pome n(x, 1) = n—|>mooznzm o8 (5) ® As(t) (;, 0), (6)

where A= gs [ &p(z).
8,27
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Sudakov formalism & MC solution of the evolution equation

Momentum weighted parton densities & momentum sum rule

More details:
Not true that for every splitting function : P(z) = P(z)+

— the Sudakov form factor formalism more complicated, in As(t) the virtual part of P(z).
But

convenient to have the same splitting functions:

t

<
S5}

0 ) s dz
% =22 [ ZPOIE 0+ ()

P - regularized splitting function (can be with plus prescription),

P- unregularized splitting function (without plus prescription)

To include all flavours in the evolution & use As(t) with unregularised splitting functions we
need to
switch from f(x, t) to xf(x,t) & use momentum sum rule:

Z /: zPap(ats, z)dz = 0. (7)

Advantage: get rid of % term in Pgg and Pgq.

9/27
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Introduction to the method

Sudakov formalism & MC solution of the evolution equation

Momentum weighted parton densities & momentum sum rule

Example for gluon:
P - regularized splitting function (can be with plus prescription),

P - unregularized splitting function (without plus prescription)

oxg(x,t as [l dz x x
tg,‘;t ) =5 / — [qu(z)xq (7, t) + Pgg(z)xg (7, t)]
T Je z z z

(®
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Sudakov formalism & MC solution of the evolution equation

Momentum weighted parton densities & momentum sum rule

Example for gluon:
P - regularized splitting function (can be with plus prescription),

P - unregularized splitting function (without plus prescription)

taxg(x, t)  as

1dz X X @ 1
Bt > /X. 5 [qu(z)xq (;, t) + Pgg(z)xg (;, t)] 7ixg(x, t)/o dzz XI: Pg.g + Pge

0

(®
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Sudakov formalism & MC solution of the evolution equation

Momentum weighted parton densities & momentum sum rule

Example for gluon:
P - regularized splitting function (can be with plus prescription),

P - unregularized splitting function (without plus prescription)

tﬁxg(x, t)  as

1dz X X @ 1
Bt o /X. 5 [qu(z)xq (;, t) + Pgg(z)xg (;, t)] 7ixg(x, t)/o dzz |:Z,: Pq.g + ng:|

0
[e% Zmax dz [~ X ~ X o Zmax —~ —~
— i : 5 [qu(z)xq (;, t) + Pgg(z)xg (;, t)} — 2—;xg(x, t)/X dzz (anqu + ngg)
(8
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Sudakov formalism & MC solution of the evolution equation

Momentum weighted parton densities & momentum sum rule

Example for gluon:
P - regularized splitting function (can be with plus prescription),

P - unregularized splitting function (without plus prescription)

tﬁxg(x, t)  as

1dz X X @ 1
Bt =5 /X. 5 [qu(z)xq (;, t) + Pgg(z)xg (;, t)] 7§Xg(x, t)/o dzz |:Z,: Pq.g + ng:|

0

[e% Zmax dz [~ X ~ X o Zmax —~ —~
— i : 5 [qu(z)xq (;, t) + Pgg(z)xg (;, t)} — 2—;xg(x, t)/X dzz (anqu + ngg>
(8)
- Oxg(x, t) d ON(t)
xg(x, t as Iz ~ X s(t)g
=0 = 2 N P(2)xfi( =, t Jt — 9
e[ 3Pl 0+ el S ©
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Sudakov formalism & MC solution of the evolution equation

Momentum weighted parton densities & momentum sum rule

Example for gluon:
P - regularized splitting function (can be with plus prescription),

P- unregularized splitting function (without plus prescription)

Bxg(x t) «s [ldz X X @ 1
T 2; /X. 5 Pgq(z)xq (;, t) + Pgg(z)xg (;, t) 7ixg(x, t)/o dzz z,: Pgig + Pgg

0
— ;—; :max % [ﬁgq(z)xq (E, t) + ﬁgg(z)xg (E, t)} - %i g(x, t) /szax dzz (anﬁqg + zﬁgg)
(8
N
2ERD o / = XJ: Pal@)h( )+ x8(0, 8 1 20t ©)
where Sudakov is defined with unregularised splitting functions:
Ag(t)g = exp ( — /zmax dz ‘ O:_ i Z P(Z)jg> (10)

10/27



Quark and Gluon collinear and TMD parton distributions from HERA DIS data
Introduction to the method

Sudakov formalism & MC solution of the evolution equation

MC solution of the evolution equation

Purpose of MC method: solve integrals, generate branchings where explicitly energy momentum
conservation is applied
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Introduction to the method

Sudakov formalism & MC solution of the evolution equation

MC solution of the evolution equation

Purpose of MC method: solve integrals, generate branchings where explicitly energy momentum

conservation is applied

First branching:
evolve from ty to t’ obtained from A(t'):
R = As(t/),
where R; is a random number in the interval (0,1).

Check:
if t’ > t evolution is stopped without any branching,
if ' < t branching is generated according to P(z)

JZ dZ'P(2') = Ry [f> dz' P(Z')

Zmi

and the evolution continues.

(11)

(12)
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MC solution of the evolution equation

Purpose of MC method: solve integrals, generate branchings where explicitly energy momentum

conservation is applied

First branching:
evolve from ty to t’ obtained from A(t'):
R = As(tl),
where R; is a random number in the interval (0,1).

Check:
if t’ > t evolution is stopped without any branching,
if t/ < t branching is generated according to P(z)

JZ dZ'P(2') = Ry [f> dz' P(Z')

Zmi

and the evolution continues.

Second branching:
evolve from t’ to t”” generated according to As(t”,t').

check:
If t” > t evolution is stopped only with one branching.

If " < t branching is generated according to P(z) and the evolution continues...etc.

(11)

(12)
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Quark and Gluon collinear and TMD parton distributions from HERA DIS data
Introduction to the method

Evolution code & fitting method

Evolution in the code

We consider ep collisions in which we can measure different pdfs:

Forward evolution: final parton is not specified when the evolution begins.
Four different situations:

> gluon at the beginning and at the end, E g l |
> quark at the beginning and gluon at the end, : : ; :
» quark at the beginning and quark at the end, g | | é

> gluon at the beginning and quark at the end.
& Sabl Figure : Keg, Kegr Kag:Kag
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Introduction to the method

Evolution code & fitting method

Evolution in the code

We consider ep collisions in which we can measure different pdfs:

Forward evolution: final parton is not specified when the evolution begins.
Four different situations: ‘ ‘

> gluon at the beginning and at the end, E g
> quark at the beginning and gluon at the end,
» quark at the beginning and quark at the end, é ‘ l é

> gluon at the beginning and quark at the end.
& Sabl Figure : Keg, Kegr Kag:Kag

The initial distributions for u, d,s, 7, d,s and gluon come from QCDNum17 (but any other
parametrization can be used).

1227



Quark and Gluon collinear and TMD parton distributions from HERA DIS data
Introduction to the method

Evolution code & fitting method

Fitting method- grids

New approach to fitting method
Two different evolution grids are defined:
> initial quark — quark grid,

> initial gluon — gluon grid.

Kernels for evolution initiated by gluons and quarks are calculated separately only once per run of
the code and combined at the end — fitting procedure is fast.

Figure I Kgg. Kgq. Kqq.Kqg: - quark grid
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Evolution code & fitting method

Fitting method- grids

New approach to fitting method
Two different evolution grids are defined:
> initial quark — quark grid,

> initial gluon — gluon grid.

Kernels for evolution initiated by gluons and quarks are calculated separately only once per run of
the code and combined at the end — fitting procedure is fast.

Figure I Kgg. Kgq. Kqq.Kqg: - quark grid

To get the final pdf: evolution kernel is folded with starting distribution. For example for gluon:

X (%, £)g = x / do / dz (fog (x0) Kag + foq (x0) Keq) (250 — ), (13)

13 /27
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Integrated PDFs from TMD evolution using MC method
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Integrated PDFs from TMD evolution using MC method

Avoiding divergences in P(z) at z — 1

Avoiding divergences in P(z) at z — 1

Some of the splitting functions are divergent for z — 1.

To avoid divergences:

Ixf(x,t)  as1l [t X /X as 1/t
FEED 22 [ dzP(2) 2 (Z,6) = Exf(x, )= | dzP(z) ~
ot 27rt/x “ (Z)z (27) 27 xf(x, 1) / 2P (2)

as 1

z (14)
g;/ " dzP(z)Ef (E, t) — —xf(x t)— / dzP(z).

Q

15 /27
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Integrated PDFs from TMD evolution using MC method

Avoiding divergences in P(z) at z — 1

Avoiding divergences in P(z) at z — 1
Some of the splitting functions are divergent for z — 1

To avoid divergences:

% ” t/ dzP(z))z(f(— t) - —xf(x t)= / dzP(z) ~ -
~ %sr%/xzma dzP(z)— f(f t) - —xf(x t)- / dzP(z).

it can be shown that terms fzmax skipped in the integral in eq. (14) are of order O(1 — zmax)
multiplied by xf(x, t) or X%

15 /27
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Integrated PDFs from TMD evolution using MC method

Avoiding divergences in P(z) at z — 1

Avoiding divergences in P(z) at z — 1
Some of the splitting functions are divergent for z — 1

To avoid divergences:

% - t/ dzP(z))z‘f(— t) - —Xf(x t)= / dzP(z) =~ 14)
[ e () - ol [

it can be shown that terms fzmax skipped in the integral in eq. (14) are of order O(1 — zmax)
multiplied by xf(x, t) or X%

Different choices of zpyax:

> Zmax - fixed
> Zmax - can change dynamically with the scale, for example

2
angular ordering: zmax = 1 — (%)

In this presentation: results from fixed zmax (dynamical will come in the future)
15/27
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Integrated PDFs from TMD evolution using MC method

Comparison with semi analytical methods

up quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

up=upval+upsea at 2 GeV"2

= [ gl7
2 21.
3 a
8;
O14
=
10MF .
10%F
1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 —O.E'z S) -5-45-4-35-3-25-2-15 —1—0.? EJ
log(x log(x

MC results close to the QCDNum results.
The differences between MC and QCDNum at large x are an artefact of the histogram binning.
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Llntegrated PDFs from TMD evolution using MC method

Comparison with semi analytical methods

up quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

up=upval+upsea at 100000 GeV"2

gL?
3
Z1.6
a
8}.5
O1.4
=
1.3
1.2
1.1

b

l—’n‘L‘HF‘J_L"H]ﬂArL

[

b

0.9|
! 0.8 1 ! 1
-5-45-4-35-3-25-2-15 10?9 -5-45-4-35-3 25215 10?9

0g(X og(x

MC results close to the QCDNum results.

Effects on zpax observed: zpax values closer to 1 give better results:

for higher scale more splittings: effect of zpy,x being far away from 1 accumulated.

The differences between MC and QCDNum at large x are an artefact of the histogram binning.
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Llntegrated PDFs from TMD evolution using MC method

Comparison with semi analytical methods

sea quarks

QCDNum, 1-zmax:10_3, 1—zma><:1075, 1-zmax:1077, 1-zmax=10"2

sea=upseat+dnseatssea at 2 GeV"2

xf(x, t)

107

102

10°

10—117 1 1 1 1 1 1 1 1 1 OS? 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 -0.? 9 -5-45-4-35-3-25-2-15-1 -0.? 9
10g(X log(x

MC results close to the QCDNum results.
The differences between MC and QCDNum at large x are an artefact of the histogram binning.
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Integrated PDFs from TMD evolution using MC method

Comparison with semi analytical methods

sea quarks

QCDNum, 1-zma><:10_3, 1—Zma><:1075, 1-zma><:1077, 1-zmax=10"2

sea=upsea+dnsea+ssea at 100000 GeV/2

= §1.7E
=10 Z1.6F
B3 8 E
5F
1 & E
§1.4f
1 E
10 1.3F
10?2 1.2
10° 1.15
ool -
ORI o=
4 H
10 0.9F
10°g 1 1 1 1 1 \ 0'8;_ { 1 1 i 1 1
-5-45-4-35-3-25-2

1 1
-5-45-4-35-3-25-2-15 l Og%(g) -1.5 1 Og%(g)

MC results close to the QCDNum results.
Effects on zmax observed: zmax values closer to 1 give better results:

for higher scale more splittings: effect of zmax being far away from 1 accumulated.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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I—Integrated PDFs from TMD evolution using MC method

Comparison with semi analytical methods

gluon

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

gluon at 2 GeV/2

=10 gl.7
z 21,
: ;
1 o
OL4

M

107

102

1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 —0.? 9 -5-45-4-35-3-25-2-1.5-1 -0.? 9
10g(x log(x

MC results close to the QCDNum results.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Integrated PDFs from TMD evolution using MC method

Comparison with semi analytical methods

gluon

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

gluon at 100000 GeV~2

Num
|l
o N

M!g/qu
o

=oe
N W

I
HN

[y

154
©

o
©

1 1
.5-4-35-3-25-2 15 1 Og%(g)

B
AE

1
2-15 l OQF%X?

MC results close to the QCDNum results.

Effects on zpax observed: zpax values closer to 1 give better results:

for higher scale more splittings: effect of zpy,x being far away from 1 accumulated.

The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Results for TMDs
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Quark and Gluon collinear and TMD parton distributions from HERA DIS data
Results for TMDs

Calculation of TMDs

k1 dependence

MC method: for every branching Q is generated and Qx and Qy are calculated
— The information about kr is available for every branching.

Krn

Q.
Krot

Qi
Krnz

00000000 Qe

Krns

Qus

kT contams the w_h}ole history of the evolution:
ktn=ktn1+ Q101

20/ 27



Quark and Gluon collinear and TMD parton distributions from HERA DIS data
Results for TMDs
- Example of TMD results

up quarks
1-zmax=10"3, l-zmax=10"5, 1-zmax=10""9
. -2 Gov? o 5= 10000, Gov
T Tatbgiorer 3 Tetbpioner
g2 x=1e3 —test? A10°
Es —fe2 Es
£ 10 e %102
| 10
. 1
10
o o
10
\ 10?2
3
10 10°
104 104
10° 10°
" . . P . s
04 1 10 L T [ 104 10°
K [GeVP K2 [GeVF
o -2 oVt " - 10000, GV
g0 Tabptoer {10 Tibpioer
gl xeter —test xete —testt
< sz ez
E st “est
B
B
107
. 107
107 \
\ 102E
L
10 \ 109F
104 104k
10°F 105E
" L il L . " . L P~ A
T TR R T T e T e e e e e
K [GevF K [Gevt
P Initial scale: intrinsic k; distribution.

» Different choices of zmax lead to different uTMDs, especially different large kt tails.
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|—First fit of full integrated TMDs to HERA DIS data with xFitter

First fit of full integrated TMDs to HERA DIS data with xFitter
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|—First fit of full integrated TMDs to HERA DIS data with xFitter
LxFittev and TMDs in the past

TMDs and xFitter

>

xFitts

What was done within xFitter with TMDs:
gluon TMD pdf fit to F, from H1/Zeus data for Q% > 5GeV? for x < 0.01

NC cross section HERA-| H1-ZEUS combined e+p.

- an open source QCD fit framework to extract PDFs.
https:/ /wiki-zeuthen.desy.de/xFitter/

from herafitter output
— output/

h\‘:‘ 65GeV?

¥ /Inpts=23.2/14

p\:.’.. 85GeV?

2 Inpts=146/12

h.‘:- 10.0 Gev?

2 Inpts=9.7/8

P\\of.no-v‘

R Inpts =126/11

\\i- 15 GeV?

o /npts =24.9/11

P'\‘i-w Gev?

1 /npts =6.6/10

104 10° 102 107 1

104 10° 102 10" 1
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104 10° 102 107 1

%z Q2 =22Gev? )\\al\-zm-vz \:ase-vz ;\ol-ucavz %02 =60 Gev2 Ra2=70 cev2
o Inpts =8.3/7 ¥ Inpts = 12.6/11 1 Iopts =126/8 1 /npts=134/8 o I opts =14.2/6 £ Inpts=86/5
T
3 I
Q2 =90 GeV? 02 =120 GeV? Q2 = 150 GeV2 Q2 =200 GeV? Q2 =250 GeV? Q2 =300 GeV?
hY hY b
7/ npts =203/6 o Inpts=42/7 £ Inpts=1.1/5 o Inpts=5.0/6 o Inpts=17/4 2 lnpts=1.1/5
10 10° 102 10" 1 10% 10° 102 10° 1 10% 10° 107 107 1
Q2 =400 GeV? Q2 =500 GeV? Q2 =650 GeV2 M
T i
A Inpts=54/3 43 Inpts=2.1/3 4 Inpts=12/2
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L New results

First fit of full integrated TMDs to HERA H1 and Zeus data WORK IN PROGRESS

Integrated TMDs for gluon, valence and sea from updfevolv were used in xFitter to fit F;.
QCDNum convolution of integrated TMDs with collinear ME was used to obtain the structure function.

3 18P~ eX(NC) waer | 3 2F-¢'P = €X(NC) der | 3 2f®P = €X(NC) Fitter
© 16F ° ©
14F 150 1.5F
128 §
i £ £
08f
0.6F ok osf-
0.4F . H1ZEUS Data O*= 8.5 —o— H1ZEUS Data @* = 45 —e— H1ZEUS Data G = 90
0.2F ¢ 3uncorrelated of * uncorrelated OF 4 5uncorrelated
ol & total E 3 total 8 total
0.2F — Theory — QCDnum-LO — Theory — aCDnum-LO _0.5F — Theory — QCDnum-LO
~0-2F __. Theory + shifts ~ — TMDevok-new 0.5 -~ Theory + shifts  — TMDevoknew -Theory + shifts  — TMDevol-new
o 04k . : P \ . . h . h
g 12 S 1020 T 1.05f
%1.11\ < L=Ir‘{_IIIJ/}=%\I <3 i }Hxxr\xl
e H ~—=r T h T
3 e + Eo.gs»] o 8 oosk s N
= 035001 0.001 0.01 F 0.001 0.01 F 001 0.01 0.1
x x x
3 Feroexmo duer | g 1.55€P > EXNC) e | B 0.25E°P = €X(NC) Abter
© osf ° ©
0.2
0.6 1 015E
0.4f sk Iy
0.2f 0.05E-
of of oF
e~ H1 ZEUS Data @ = 2000 —e— H1ZEUS Data G? = 650 —e— H1ZEUS Data G* = 20000
0.2 + Suncorelated + S uncorrelated ~0.05F + 5 uncorrelated
§ total —05F  stotal s total
~0.4F — Theory — QCDnum-LO — Theory — QCDnum-LO —0.1E — Theory — QCDnum-LO
osb Theory + shifts ~ — TMDevol-new ---Theory + shifts  — TMDevoknew _0.15F - -~ Theory + shifts  — TMDevol-new
— = L - L L g
g 2 | £ 'g 1 :
S — — g r = T S S | S E N
2 g 1 1
F 0.03 01 02 03 L X 0.1 F 03 04 05 06 O

Fits works reasonably well for the whole x range and Q* > 8.5GeV? (Xz/ndf ~ 1.07). * 24 /27



Quark and Gluon collinear and TMD parton distributions from HERA DIS data

Summary

Summary

2527



Quark and Gluon collinear and TMD parton distributions from HERA DIS data

L summary

Summary

New approach to solve coupled gluon and quark DGLAP evolution equation with MC method
was shown.
Advantages:

> a full TMD pdf evolution including gluon, sea and valence quarks over the full range in x
and Q2 with the k1 dependence in the whole kinematically available range (not limited to
the small k1),

> reproduce semi-analytical solution (results consistent with QCDNum),

» direct usage in PS matched calculation.

TMDs are implemented in the preliminary version of xFitter.
New results of fitting integrated TMD pdfs to F, with xFitter were shown:
gluon and quark are fitted for Q2 > 8.5GeV? for all x with x2/ndf ~ 1.07
Prospects:

> include NLO in P(z),

> development of full TMD MC - CASCADE.
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Thank you!
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Back up

Zmax dependence

Ordering dependence- zmax origin
Some of the splitting functions are divergent for z — 1.

To avoid divergences:

Oxf(x, t) as 1l 1 X x as 1,1
—_— = - / dzP(z)—f | —,t ) — —xf(x, t)— / dzP(z) ~
ot 2wt Jx z z 2m t Jx

as 1

Zmax X X as 1 [Zmax
~—- / dzP(z)—f | —,t ) — —xf(x, t)— / dzP(z).
2wt Jx z z 2w t Jx

(15)
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Zmax dependence

Ordering dependence- zmax origin
Some of the splitting functions are divergent for z — 1.

To avoid divergences:

Oxf(x, t) as 1l 1 X x as 1,1
—_— = - / dzP(z)—f | —,t ) — —xf(x, t)— / dzP(z) ~
ot 2wt Jx z z 2m t Jx

15
as 1 fZmax X X as 1 [Zmax (15)
~ ——/ dzP(z)-f (7, t) — —xf(x, t)—/ dzP(z).
2wt Jx z z 2w t Jx
Using the form of the splitting functions:
1
Pap(as, z) = Aap(as)d(1 — 2) + Kyp(as) ——— + Rap(as) (16)
1-2)4
and the expansion of xf(%, t)
F (f, r) = xF(x, £) + X2F (x, £)(1 — 2) + O(L — zmax) )
z

!
it can be shown that terms zlmax skipped in the integral in eq. (15) are of order O(1 — zmax) multiplied by xf(x, t) or x I

dt
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Zmax dependence

Ordering dependence- zmax origin
Some of the splitting functions are divergent for z — 1.

To avoid divergences:

Oxf(x, t) as 1l 1 X x as 1,1
—_— = - / dzP(z)—f | —,t ) — —xf(x, t)— / dzP(z) ~
ot 2wt Jx z z 2m t Jx

15
as 1 fZmax X X as 1 [Zmax (15)
~ ——/ dzP(z)—f | —,t) — —xf(x, t)—/ dzP(z).
2wt Jx z z 2w t Jx
Using the form of the splitting functions:
1
Pab(exss 2) = Agp(as)d(1 — 2) + Kap(avs) ———— + Rap(as) (16)
1-2)4
and the expansion of xf(%, t)
X
xf <7, r) = xF(x, t) + x*F (5, )(1 = 2) + O(1 — Zmax) @)
z
!
it can be shown that terms | zlmax skipped in the integral in eq. (15) are of order O(1 — zmax) multiplied by xf(x, t) or xdf(dxt 8
example:
as 1l 1 1 x X as 1 r1
Sl [ dekntan S (D) = Sattnr [ dopan) =
27 t Jzmax 1—zz z 27 t Jzmax
as 1

= o Kaples) [ (6 6) (1= 2man) + O(1 = zmax)]  (18)
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Zmax dependence

up quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

up=upval+upsea at 2 GeV"2

= [ gl7
2 21.
3 a
8;
O14
=
10MF .
10%F
1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 —O.E'z S) -5-45-4-35-3-25-2-15 —1—0.? EJ
log(x log(x

MC results close to the QCDNum results.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Back up
Zmax dependence

up quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

up=upval+upsea at 1000 GeV"*2

M

=

1
-5-45-4-35-3-25-2-15 l OQF%X?

MC results close to the QCDNum results.
Effects on zpax observed: zpax values closer to 1 give better results.

The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Back up
Zmax dependence

up quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

up=upval+upsea at 100000 GeV"2

M

=

1
-5-45-4-35-3-25-2-15 l OQF%X?

MC results close to the QCDNum results.
Effects on zpax observed: zpax values closer to 1 give better results.

The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Zmax dependence

down quarks

QCDNum, 1-zmax=10_3, 1-zmax:10_5, 1-zmax:10_7, 1-zmax=10"2

dn=dnval+dnsea at 2 GeV"2

= 1F E1'7
Z 21.
3 [a)
10 8;
21.
102 1.
1
10°%E 1.
10 0.
1 1 1 1 1 1 1 1 1 08’_ 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 -0.% §) -5-45-4-35-3-25-2-15-1 -0.? 9
10g(x log(x

MC results close to the QCDNum results.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Back up
Zmax dependence

down quarks

QCDNum, 1-zmax=10_3, 1-zmax:10_5, 1-zmax:10_7, 1-zmax=10"2

dn=dnval+dnsea at 1000 GeV"2

2
=
1
107
,[hm JH-JL.:_D
2 E
10 0.9p
0.8
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 -0.? §) -5-45-4-35-3-25-2-15-1 -O.? 9
log(x; log(x;

MC results close to the QCDNum results.
Effects on zmax observed: zpmax values closer to 1 give better results.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Back up

- Zmax dependence

down quarks

QCDNum, 1-zmax=10_3, 1-zmax:10_5, 1-zmax:10_7, 1-zmax=10"2

dn=dnval+dnsea at 100000 GeV"2

107

102 el M.
0.9F
Il Il Il Il Il Il Il Il Il 0.8f el I I 1 Il Il
-5-45-4-35-3-25-2-15-1 -0.? §) -5-45-4-35-3-25-2-15 -1-0.? 9
log(x; log(x;

MC results close to the QCDNum results.
Effects on zmax observed: zpmax values closer to 1 give better results.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Zmax dependence

sea quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

sea=upsea+dnseatssea at 2 GeV"2

= gL7]
Z 1 21,
x [a]
8;
10* O14
s
102
10°
10*F

1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 —0.? ? -5-45-4-35-3-25-2-1.5-1 -0.? 9
10g(x log(x

MC results close to the QCDNum results.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Back up
Zmax dependence

sea quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

sea=upseat+dnseat+ssea at 1000 GeV*2

1 1 1
2-15 l OQF%X? -5-45-4-35-3-25-2 15 1 Og%(g)

MC results close to the QCDNum results.

Effects on zpax observed: zpax values closer to 1 give better results:

for higher scale more splittings: effect of zpy,x being far away from 1 accumulated.

The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Zmax dependence

sea quarks

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

sea=upsea+dnsea+ssea at 100000 GeV"2

MC/QQDNum
P oPRE T Bk
N SN S

154
©

o
o
&3] ixn panayyn:
'

1 1 1
45-4-35-3-25-2 15 1 Og%(g)

1
2-15 l OgF%XS)

MC results close to the QCDNum results.

Effects on zpax observed: zpax values closer to 1 give better results:

for higher scale more splittings: effect of zpy,x being far away from 1 accumulated.

The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Zmax dependence

gluon

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

gluon at 2 GeV/2

=10 gl.7
z 21,
: ;
1 o
OL4

M

107

102

1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1
-5-45-4-35-3-25-2-15-1 —0.? 9 -5-45-4-35-3-25-2-1.5-1 -0.? 9
10g(x log(x

MC results close to the QCDNum results.
The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Back up
Zmax dependence

gluon

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

gluon at 1000 GeV~2

1 1 1
2-15 l OQF%X? -5-45-4-35-3-25-2 15 1 09%(3)

MC results close to the QCDNum results.

Effects on zpax observed: zpax values closer to 1 give better results:

for higher scale more splittings: effect of zpy,x being far away from 1 accumulated.

The differences between MC and QCDNum at x are an artefact of the histogram binning.
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Back up
Zmax dependence

gluon

QCDNum, 1—zmax:1073, 1—zma><:1075, 1—zmax:1077, 1-zmax=10"2

gluon at 100000 GeV~2
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S
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MC results close to the QCDNum results.

Effects on zpax observed: zpax values closer to 1 give better results:

for higher scale more splittings: effect of zpy,x being far away from 1 accumulated.

The differences between MC and QCDNum at x are an artefact of the histogram binning.
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= Results for TMDs

down quarks

Zmax = 0.999, zmax = 0.99999, Zmax = 0.999999999
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» Initial scale: intrinsic k¢ distribution.
» Different choices of z,,,x lead to different uTMDs, especially different large k7 tails.
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Back up
= Results for TMDs

sea

» Initial scale: intrinsic k¢ distribution.
» Different choices of z,,,x lead to different uTMDs, especially different large k7 tails.
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= Results for TMDs

gluon

Zmax = 0.999, zmax = 0.99999, Zmax = 0.999999999
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» Initial scale: intrinsic k¢ distribution.
» Different choices of z,,,x lead to different uTMDs, especially different large k7 tails.
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