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xFitter and TMDs

Current status of TMDs is xFitter:

ccfm evolution for gluon and valence quarks.

In this presentation: MC results for gluons, valence and sea quarks for:
DGLAP evolution,
xf(x,t),
LO in P(z),
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xFitter and TMDs

Current status of TMDs is xFitter:

ccfm evolution for gluon and valence quarks.

In this presentation: MC results for gluons, valence and sea quarks for:
DGLAP evolution,
xf(x,t),
LO in P(z),
1-loop-ars.

v vV vy

We show:

> integrated PDFs and compare them with semi analytical results from
QCDNum17,

» first results for TMDs.
4/23
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Introduction to the method

Sudakov formalism & MC solution of the evolution equation

Sudakov formalism
Evolution equation for parton density

2ot — s [ dzp(o)f(X 1) — %f(x,t) [dzP(z). (1)
Introducing Sudakov form factor

AAu@zAgg:a4 fWthgﬁpu» 2)
we can rewrite (1)

et = os [ EP(Z)F(X, 1)+ F(x )55 25 (3)
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Sudakov formalism & MC solution of the evolution equation

Sudakov formalism
Evolution equation for parton density

2ot — s [ dzp(o)f(X 1) — %f(x,t) [dzP(z). (1)
Introducing Sudakov form factor
AJnmzagn:a4 [ dz ﬁg?ma) 2)
we can rewrite (1)
£ 05 0 p(o)(x 1) 4 Fx,t) 55 20 (3) =

After integration

Flx, 1) = Flx, 0)As(t) + g2 [ 2 20 [ E£P(2)F(%,¢). (4)

Sudakov: probability of evolving from ty to t without
any resolvable branching.
iterative solution:

f(x,t) = liMposoo fa(x, ) = liMpoe 32, 4 oilog” (%)A” ® As(t)f(%, to),

)

d
where A= gs [ 9p(z).
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MC solution of the evolution equation
MC solution:

First branching: evolve from ty to t’ obtained from Ag(t'):
Rl = As(tl)a (6)

where R; is a random number in the interval (0,1).
If t/ > t evolution is stopped without any branching. If t/ < t branching is generated
according to P(z)

Iz i dz’P(z') = Ry f;{;’:x dz' P(z') (7)

and the evolution continues.

Second branching: evolve from t’ to t” generated according to Ag(t”,t'). If t" >t
evolution is stopped only with one branching. If t” < t branching is generated
according to P(z) and the evolution continues...etc.
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MC solution of the evolution equation
MC solution:

First branching: evolve from ty to t’ obtained from Ag(t'):
Ri = As(t), (6)

where R; is a random number in the interval (0,1).
If t/ > t evolution is stopped without any branching. If t/ < t branching is generated
according to P(z)

Iz i dz’P(z') = Ry f;{;’:x dz' P(z') (7)

and the evolution continues.

Second branching: evolve from t’ to t” generated according to Ag(t”,t'). If t" >t
evolution is stopped only with one branching. If t” < t branching is generated
according to P(z) and the evolution continues...etc.

Observation:

% AA:((tt’)) — aTi AA:((tt’)) % fXZmax dZP(Z) (8)
rewrite (4)
Fx,t) = (A1) + [T L [L dA(t, t)P() (2, t)([7m dzP(2) (9)
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Momentum weighted parton densities & momentum sum rule

To include all flavours in the evolution & use the Sudakov formalism we need to
switch from f(x, t) to xf(x, t) & use momentum sum rule:

1
Z /0 2P, (s, z)dz = 0. (10)
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Momentum weighted parton densities & momentum sum rule

To include all flavours in the evolution & use the Sudakov formalism we need to
switch from f(x, t) to xf(x, t) & use momentum sum rule:

1
Z /0 2P, (s, z)dz = 0. (10)

example for gluon:
P - regularized splitting function (with plus prescription), P - unregularized splitting function (without plus prescription)

L‘M = as /xl f [ngq(z)iq (f, t) +1ng(z)fg (f, t)}

at 2m

(11)
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Momentum weighted parton densities & momentum sum rule

To include all flavours in the evolution & use the Sudakov formalism we need to
switch from f(x, t) to xf(x, t) & use momentum sum rule:

1
Z /0 2P, (s, z)dz = 0. (10)

example for gluon:
P - regularized splitting function (with plus prescription), P - unregularized splitting function (without plus prescription)

at 27 z ™

Ixg(x, t) as 1 dz X X X X s "1
PR . / — [ngq(z)—q (—, t) + ngg(z)—g (—, t)} — — xg(x, t)/ dzz g qu.g + Pgg
X z z z 2 0 B

0

(11)
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Momentum weighted parton densities & momentum sum rule

To include all flavours in the evolution & use the Sudakov formalism we need to
switch from f(x, t) to xf(x, t) & use momentum sum rule:

1
Z /0 2P, (s, z)dz = 0. (10)

example for gluon:

P - regularized splitting function (with plus prescription), P - unregularized splitting function (without plus prescription)

dxg(x, t) asg
t———— =

1 dz x x x x s "1
f/ bl [ngq(z)—q(—,t) +2Pgg(2) g (—,t)} — 2 e, z)/ dzz | Pgg + Peg | —
ot 2r Ix 2z z \z z 2 0 7

z ™

0

a Z, dz / x x = x x o Z P, P,
Lo / max 42 (Zqu(Z)iq (71 :) b Peg(a) e (,, t)) 2 (x, :)/ ™ dez (2nfPag + 2Pgg) (1)
27 Ix z z z z 2m

X
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Momentum weighted parton densities & momentum sum rule

To include all flavours in the evolution & use the Sudakov formalism we need to
switch from f(x, t) to xf(x, t) & use momentum sum rule:

1
Z /0 2P, (s, z)dz = 0. (10)

example for gluon:
P - regularized splitting function (with plus prescription), P - unregularized splitting function (without plus prescription)

Ixg(x, t) s /1 dz
PEat-A i
x

&= [ngq(z)Eq (E t) ¥ ngg(Z)Eg (f, t)} —?xg(x, t) /(;1 dzz {Z Pajg + ng] N

at 27 z z e
0
d; — ~ ~ ~
e i (ngq(z)fq (f, t) +2Peg(2) g (f, t)) = gl t) [T dzz (2npPag + 2Pgg) (1)
27 JIx z z z z z 27 x
If we define now Sudakov form factor as:
o "Zmax t ag dt’ —
Ault )y = dute = o (= [ ez [ 5250 LY (12)

where i, j are q or g,
we obtain equation of the same form as eq. (3), just multiplied from both sides by x and with zP(z) in Ag(t); —
it can be solved in analogical way.
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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.
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Introduction to the method

Momentum-weighted parton densities & momentum sum rule

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: i
> gluon at the beginning and at the end, E E ‘ ‘
» quark (valence or sea) at the beginning and gluon at the end
» quark (valence or sea) at the beginning and quark (valence or sea) at the E | ‘ E
end and

» gluon at the beginning and sea quark at the end. .
Figure : Kgg, Kgq, Kaq.Kqg

Valence quark at the end can come only from valence quark at the beginning.

9/23
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Contribution from quark and gluon evolution

GLUON density:  test1:

merged quark and gluon evolution chain

test2: quark evolution chain test: gluon evolution chain

pe2 Gev? = 1000, Gev® = 100000 GeV?
‘@
&0
1
107]
107
10° 10°)
107 ! | ! 10°)
10t 10° 107 10" 1 10¢ 10° 102 10" 1 10° 107 102 10" 1
X X X
2 —testigion 2 —tesiguon 2 —testighon
5 i 5 —hn H —h
2 —testgon 2 —testgon 2 —tesighon
g g g
107 107 10"
10?7 107 107
10° I I L 100! L I L 107 L I L
0ot 10° 107 10" 1 10t 10° 107 10" 1 1ot 10° 10° 10" 1

Contribution from gluon kernel dominates, contribution from quark kernel ( 1072) times smaller.
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Momentum-weighted parton densities & momentum sum rule

Contribution from quark and gluon evolution

SEA density: testl: merged quark and gluon evolution chain test2: quark evolution chain test: gluon evolution chain

-2 Gevt - 1000, Gev® = 100000, GV
G 105 ToDploer
z —testt
g sz
et
e
107
10?2
10°)
10 L
10t 10* 107 10 10" |
X X
2 —tstaen 2 . 2 iz
E —t H —testesea H —testzsea
“tstsea ~ostsa —testsea
1 £ L
2 ) ) ——_
E H g '\m\
10 107k
/\
N W~ \
P "
102E V 107 102
1055 = = s 1055 = = 5 1057 - = S
10 10 10 10 ! 10 10° 10 10 K 10 10 10 10 K

At small x main contribution to sea quark density from gluon kernel, for large x quark kernel dominates.
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Zmax dependence

Ordering dependence- zmax origin

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

To avoid divergences:

1
2D _ 00 d [P ape)Xr (%1) - St [ aeple)
2wt Jy z z

ot
Qs 1 Zmax X X Qs Zmax
~ g;[( dzP(z);f (;,t) - EXf(X’ t)?/x dzP(z).

(13)
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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) asl [! X (X
— = g;/x dzP(z);f (;,t) —xf(x t)— / dzP(z) ~
as 1 Zmax X X s Zmax
~ g;[( dzP(z);f (;,t) — EXf(X’ t)?/x dzP(z).

it can be shown that terms fzmax

(13)

skipped in the integral in eq. (13) are of order

O(1 — zmax) multiplied by xf(x,t) or deS( i)
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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) asl [! X (X
o = ;;/x dzP(z);f (;,t) —xf(x t)= / dzP(z) ~
Qs 1 Zmax X X Qs Zmax
~ g;[( dzP(z);f (;, t) — EXf(X’ t);/x dzP(z).

it can be shown that terms fzmax

(13)

skipped in the integral in eq. (13) are of order

O(1 — zmax) multiplied by xf(x, t) or x@

Different choices of zmax:

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

. Q)2
angular ordering: zmax = (60)

13/23
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Comparison with semi analytical methods

up-val quarks
2GeV2:QCDNum, angular ordering, Zmax = 0.99 Zmax = 0.97
1000GeV2:QCDNum, angular ordering, zmax = 0.999 Zmax = 0.997

100000GeV/2:QCDNum, angular ordering, Zmax = 0.999 zmax = 0.9999

up-val at scale 2 GeV"2 up-val at scale 1000 GeV"2 up-val at scale 100000 GeVv~2
gof 3
0.6
0sE 04
04F 03
oaf
02
0.2
0.1 E o1
-45 -4 -35 -3 72‘.5 —‘2 71‘.5 7‘1 70‘.5 N —g -45 -4 -35 7‘3 72‘.5 7‘2 71‘.5 —‘1 70‘.5 N -5 -45 -4 73‘.5 7‘3 2‘5 ‘2 71‘.5 —‘1 65 K
g 1. g g 1.
§1157 éi éllﬁf
i ||
21.05; 21 Q1og ﬁ“\ il l#ﬂﬂm%%
. E AN
9 X 0.9 *H‘
o iy Hﬂﬂﬁ bt
I R T I T AR K R L R T R I A R R ST 2 I 08

MC results close to the QCDNum results. Effect on zmax observed. zmax value giving the results the closest to QCDNum depends on

scale and shape of the distribution (terms of order O(1 — zmax) multiplied by xf(x, t) or x df(dxt,t) skipped). 14 / 23
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Comparison with semi analytical methods
:

sea quarks
2GeV2:QCDNum, angular ordering, zmax = 0.99 Zmax = 0.995
1000GeV2:QCDNUM, Zmax = 0.97, Zmax = 0.98 zmax = 0.99

100000GeV2:QCDNUM, Zmax = 0.996, zpax — 0.995 Zmax = 0.997

sea at scale 2 GeV"2 sea at scale 1000 GeV~2 sea at scale 100000 GeV~2

X(x, 1)
-
X(x, 0

AR L
| Hiiig| £ i
v ve Al e AL

MC results close to the QCDNum results.
Effect on zmax observed. zmax value giving the results the closest to QCDNum depends on scale and shape of the distribution. 15 / 23
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|—Results for TMDs
LCaIculation of TMDs

k1 dependence

MC solution: for every branching Q is generated and Qx and Qy are calculated.

Krn

Krns

Kinz

Kina

kTt contains the whole history of the evolution:

— —
k T,n = k T,n—1 + BT,n—l-

The information about k7 is available for every branching.
17/23
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First results

up-val

Zmax = 0.99, Zmax = 0.999, zmax = 0.9999

x=0.1
0 - 2.Gev? — e P 1000, GoVE — - - 10000, GV —
e EAL e L xoe et
—test g —test T b —test
1k 4
107
102
10°
104 N\
10°F \\
108 ! L L L 1 108 ! ! ! ! L 108 L
10" 1 0 1 10 10t 10° 10" 1 R T T 10" 1 LI TR [
K2 [GeVE K [GeVP K [GeVF

P Initial scale: intrinsic k; distribution.

» Different choices of zmax lead to different uTMDs, especially different large kt tails.
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|—Results for TMDs

First results

up-val

Zmax = 0.99, Zmax = 0.999, zmax = 0.9999

x = 0.01
10 -2 Gev? 107 pE= 1000, GeV? o PP 10000, GoV?
e T3 Dploer LN Toplae a Toploter
P — Swp = Swp o o
< —test < —test I —test
* 10 X 10 X 10
1k 1k 1k
107 107E
10?2 102
10° 10°%
T
10 104
10° 10°g
L 1 108 L 108 L L ! L ]
100 10t 100 10" 10 10° 10" 1 10 ¢ 1 10t 10°
K2 [GeVE K [GeVP K [GeVF

P Initial scale: intrinsic k; distribution.

» Different choices of zmax lead to different uTMDs, especially different large kt tails.
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|—Results for TMDs

First results

up-val

Zmax = 0.99, Zmax = 0.999, zmax = 0.9999

x = 0.001
0 - 2.Gev? . P 1000, GoVE 0 - 10000, GV
e T3 Dploer LN Toplae a Toploter
Yiep s T2 Yk xovee p—— Liep xes et
% —test g —test o —test
1k 1k 1k
107 107 107
102 1025 102E
10° \\ 10° 10°E
104 104 104
|
10°F \ 10°F 10°F
108 ! 2 W L 1 108 ! ! ! I L 108 L L ! L !
10" 1 0 1 10 10t 10° 10" 1 R T T 10" 1 LI TR [
K2 [GeVE K [GeVP K [GeVF

>

Initial scale: intrinsic k¢ distribution.

» Different choices of zmax lead to different uTMDs, especially different large kt tails.
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Fitting method

Evolution kernels

Two different evolution kernels are defined:
> initial quark (valence or sea)— 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.

Eo
P

Figure B Kgg, Kgq, qu,qu: -, quark grid
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Fitting method

Evolution kernels

Two different evolution kernels are defined:
> initial quark (valence or sea)— 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.

Eo
P

Figure B Kgg, Kgq, qu,qu: -, quark grid

To get the final pdf: evolution kernel is folded with starting distribution

xf(x, t) = x/dxo /dzfo(xo)K(z, t)6(zxg — x) (14)
For example for gluon:
xf(x, ) = x [ do [ dz (fog(x0) K + foq(0)Ka) 3200 — ), (15)
and for up-valence quark:
XF(x, t)g,up = X/ng / dz (fo’,_,p(xg)qu) §(zxg — x). (16)

20/23
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Summary
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Summary

Summary

Solution of DGLAP evolution using MC method was shown.

Advantages:
> reproduce analytical solution (results consistent with QCDNum17),
> applicable for TMDs evolution,

» direct usage in PS matched calculation.

Prospects:
> implementation into xFitter: first full TMD distributions,
» include NLO in P(z),
> development of full TMD MC - CASCADE.

22/23
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Summary

Thank you!
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Back up

evolution in the code

evolution in the code

Different kind of splittings can happen during the evolution process: é; é&m },WW %7

Commonly used flavour decomposition:

Flavour decomposition used in the method:
> see _ _ >
u+T+d+d+s+5=2T+d+35)+u, +dy ;e(eﬁ+§+§)
> valence
T—u > Zalence
Eh
> gluon
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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 1 r1 1 1
M = %—/ dzP(z)ff(i,t> — ﬁxf(x,t)—/ dzP(z) ~
ot 2wt Jx z z 27 t Jx
as 1

Z, 1 Z,
~ - / e dZP(Z)if (i s t) — &xf(x, t)— / mex dzP(z).
2wt Jx z z 27 t Jx

a7




TMDs from MC evolution
Back up

Zmax dependence

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

To avoid divergences:

Oxf(x, t) asl (1 X X as 1,1
- = ——/ dzP(z)—f (—,t) — —xf(x, t)—/ dzP(z) ~
ot 2wt Jx z z 27 t Jx

(17)
1 rz 1 rz
~ Qs 2 / e dZP(Z)if (§,t> — Exf(x, t)— / mex dzP(z).
21wt Jx z z 27 t Jx
Using the form of the splitting functions:
1
Pab(exss 2) = Agp(as)d(1 — 2) + Kap(avs) ——— + Rap(as) (18)
1 —=2)+
and the expansion of xf( %, t)
F (f, r) = xF(x, £) + X2F (x, £)(1 — 2) + O(L — zmax) (19)
z

it can be shown that terms lemax skipped in the integral in eq. (17) are of order O(1 — zmax) multiplied by
df(x"t)
dt

xf(x, t) or x



TMDs from MC evolution
Back up

Zmax dependence

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

To avoid divergences:

Oxf(x,t)  asl

1 X X as 1,1
= ——/ dzP(z)—f (—,t) — —xf(x, t)—/ dzP(z) ~
ot 2wt Jx z z 27 t Jx

(17)
1 rz 1 rz
~ Qs 2 / e dZP(Z)if (§,t> — Exf(x, t)— / mex dzP(z).
2w t Jx z z 27 t Jx
Using the form of the splitting functions:
1
Pab(exs; z) = Agp(as)d(1 — 2) + Kab(as)ﬁ + Rap(as) (18)
—2)p
and the expansion of xf( %, t)
X
xf <7, r) = xf(x, t) + x*F (x, O)(1 — 2) + O(L — Zmax) (19)
z
it can be shown that terms lemax skipped in the integral in eq. (17) are of order O(1 — zmax) multiplied by
’
xf(x, t) or x%
example:
as 1 1 x X Qs 1,1 1
S [ demntan) S (Do) = Sxttnr [0 dmopan) =
27 t Jzmax l1—2zz z 27 Zmax 1—-z

as 1

= o~ Kap(as) [x2f’(x, ) (1 = zmax) + O(1 — zmax)] (20)
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Back up
Zmax dependence

down-val quarks
2GeV2:QCDNum, angular ordering, zmax = 0.99 Zmax = 0.97
IOODGeVZZQCDNum, angular ordering, zmax = 0.999 zmax = 0.997

IOOOOOGeVZ:QCDNum, angular ordering, zmax = 0.999 zmax = 0.9999

down-val at scale 2 GeV"2 down-val at scale 1000 GeV~2 down-val at scale 100000 GeV~2

02F

015F

01

T
-45 -4 35 -3 25 2 -15 -1 -05

MC/QCDNum

MC/QCDNuUm

- ==

MC results close to the QCDNum results.

Effect on zmax observed. zmax value giving the results the closest to QCDNum depends on scale and shape of the distribution.
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Back up

Zmax dependence

gluon
2GeV2:QCDNum, angular ordering, zmax = 0.9 zmax = 0.87
1000GeV2:QCDNUm, Zmax = 0.99, zmax = 0.995 Zmax = 0.993

100000GeV/2:QCDNum, angular ordering, zax — 0.995 Zmax = 0.997
gluon at scale 2 Gev/2 gluon at scale 1000 GeV"2 gluon at scale 100000 Gev~2

T
-45 -4 35 -3 25 2 -15 -1 -05

£ £ EL i
gL Z11s) 215t :L $
o o I} -
= = i B | H%Hwhﬂﬂiﬁ% %uwjl
mmmmwﬁmm T
osst o

B Y YR N X E Y Y ¥ RN 1 E N e - N W1 E

MC results close to the QCDNum results.
Effect on zmax observed. zmax value giving the results the closest to QCDNum depends on scale and shape of the distribution. 5 / 8
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Back up
= Results for TMDs

down-val
Zmax = 0.99, Zmax = 0.999, zmax = 0.9999
x=0.1
10 h-2.GeV® 0 o= 1000. GeVE o PP 10000, GoV?
e T3 Dploer LN Toplae a Toploter
el xeter —testt el xeter —testt el xerer —testt
F —tes2 % —tes2 % —tes2
% —test g —test o —test
1k 4
107 107E
1025 102
0% 10°F
104 \ 104
\
10°F \ 0%
108 ! L L L 1 108 ! ! ! ! L 108 L L ! L !
10" 1 0 1 10 10t 10° 10" 1 R T T 10" 1 LI TR [
K2 [GeVE K [GeVP K [GeVF

P Initial scale: intrinsic k; distribution.

» Different choices of zmax lead to different uTMDs, especially different large kt tails.
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Back up
= Results for TMDs

down-val
Zmax = 0.99, Zmax = 0.999, zmax = 0.9999
x = 0.01
10 -2 Gev? ) o= 1000. GeVE 10 PP 10000, GoV?
e T3 Dploer LN Toplae a Toploter
gl xete2 —testt el xete2 —testt el xere2 —testt
F —tes2 % —tes2 % —tes2
Ee —test K9 —test z —test
* 10 X 10 X 10
1k 1k 1k
107 107E
10?2 102
10° 108
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