QCD and Monte Carlo technigues

* Hope that you are all ok !
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How to apply these results ?
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Applying DGLAP to DIS data

H1 and ZEUS Combined PDF Fit

H1 and ZEUS Combined Data
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* Theory describes measurement Over huge range in x and Q?

@ Success of theory (DGLAP)
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Extraction of PDFs from DGLAP fits

® Sum rules are essential to constrain
starting distributions

* Solve DGLAP equations

@ adjust input parameters (starting
distributions) such that F2 is best
described

® extract PDFs as fct of x
» then DGLAP gives PDFs at any Q?
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Solving DGLAP equations ...

* Different methods to solve integro-differential equations

brute-force (BF) method (M. Miyama, S. Kumano CPC 94 (1996) 185)

df(@)  F(@)me1 — F(@)m / f(@)de =3 f(@)m Az

dx Ax,,

Laguerre method (S. Kumano J.T. Londergan CPC 69 (1992) 373, and L.
Schoeffel Nucl.Instrum.Meth.A423:439-445,1999)

Mellin transforms (M. Glueck, E. Reya, A. Vogt Z. Phys. C48 (1990) 471)

QCDNUM: calculation in a grid in x,Q2 space (M. Botje Eur.Phys.J. C14 (2000)
285-297)

CTEQ evolution program in x,Q2 space: http://www.phys.psu.edu/~cteqg/

QCDFIT program in x,Q2 space (C. Pascaud, F. Zomer, LAL preprint LAL/94-
02, H1-09/94-404,H1-09/94-376)

MC method using Markov chains (S. Jadach, M. Skrzypek hep-ph/0504205)
Parton Branching Method (JHEP, 01(2018), 070, Phys. Lett. B, 772(2017), 446)
Monte Carlo method from iterative procedure

* prute-force method and MC method are best suited for detailed studies of branching
rocesses !!!
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—volution code in LHAPDF

Ihapdf is hosted by Hepforge, IPPP Durham

LHAPDF 6.4,

Main page l PDF sets | Class hierarchy | Functions ] Examples | More... 1 Q- Search
LHAPDF Documentation
lntrOdUCtlon Table of Contents
LHAPDF is a general purpose C++ interpolator, used for evaluating PDFs from discretised data . Introduction
files. Previous versions of LHAPDF were written in Fortran 77/90 and are documented at ¥ Instaliation

L Official PDF sets

http:/Ihapdf.hepforge.org/Ihapdf5/.

& Submitting new PDF sets

b Usage

LHAPDF®6 vastly reduces the memory overhead of the Fortran LHAPDF (from gigabytes to il Ll kbl
megabytes!), entirely removes restrictions on numbers of concurrent PDFs, allows access to single b Riana Skl st
PDF members without needing to load whole sets, and separates a new standardised PDF data | Trick to remove unwanted PDF
format from the code library so that new PDF sets may be created and released easier and faster. R

The C++ LHAPDF® also permits arbitrary parton contents via the standard PDG ID code scheme, is Labl it

computationally more efficient (particularly if only one or two flavours are required at each phase L Support and bug reporting
space point, as in PDF reweighting), and uses a flexible metadata system which fixes many i For developers
fundamental metadata and concurrency bugs in LHAPDFS.

b Trick to use zipped data files

Compatibility routines are provided as standard for existing C++ and Fortran codes using the LHAPDF5 and PDFLIB legacy
interfaces, so you can keep using your existing codes. But the new interface is much more powerful and pleasant to work with, so we
think you'll want to switch once you've used it!

LHAPDF6 is documented in more detail in http://arxiv.org/abs/1412.7420

Can use LHAPDF to evolve starting distribution to any Q? with
* CTEQ, QCDNUM, and other evolution packages...
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Graphical Plotter interface: TMDplotter & TMDIib

* TMDlIib prOpOSGd INn 2014 as part of TMD plotter — Integrated density as a function of x g
REF workshop and developed since TMOPDF | NewPDFs | Fubicstos | | HEPLika

@ combine and collect different ansaetze PR
and approaches: e i omos, | ¥ =Emus

Y-axis: min = [0.0001 | max = [100 ®log Olin 1

http://tmd.hepforge.org/ and

ratio:min= (04 | max=[16 | Olog @lin 10-'; ]
http://tmdplotter.desy.de S ..
1.[guon <]  [CTi0nio ] «x '°”;F 2
] s pmmnesmere oA
> TMDlib: a library of parametrization of e ] e 55 v ; ]
different TMDs and UPDFS (simiarto Lrpa = e
p= 10 GeV TMDplotter Messages:
K liemits: min = [0, } e |1000 ]GeV Info: Time needed for plotting: 2 sec
TMDlib and TMDplotter: library and plotting tools for 3. [guon |  [PB-TMDNLO-HERAI+II-2018--
transverse-momentum-dependent parton distributions, F. =
p= 10 GeV

Hautmann et al. arXiv 1408.3015, Eur. Phys. J., C
74(12):3220, 2014.

Abdulov, N. A. and others TMDIib2 and TMDplotter: a
platform for 3D hadron structure studies, Eur. Phys. J. C,
81(2021), 752

> Also integrated pdfs (including photon
pdf are available via LHAPDF)

H. Jung, QCD and Monte Carlo techniques, Lecture 2, 8. March 2022

k¢ limits: min = 0.1 max = |1000 GeV
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Solution of DGLAP equation:

What happens at small x ?



What is happening at small x

®* For g — (0 only gluon splitting function matters:

1— 2 Z 1 1
) — | | 1 — — — — — |
99 6( . T z( z)) §) (z 2—|—z(1 z) ] z)

1
Py ~6—for z — 0
Z

° evolution equation is then:

2) x
fdlog,u’Q 27‘(‘/ Fog (E)

\- )

3as [* [t d ,
g(a,t) = agla, i) + 222 [ dlogt’ | Feglé.t) o =

L = 4

o
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Solving integral equations

lnteg ral equation of Fredholm type From MathWorld—A Wolram Wb Resourcer -~
http://mathworld.wolfram.com/IntegralEquationNeumannSeries.htn
o(x )+ A / K(z,y)o
® solve it by iteration (Neumann serles)
¢o(z) = f(z)

¢1(x)

b
F(@) + A / K(2,9)f (y)dy
b b b
ba2(z) = f(@)+A / K (2,51)f (y1)dy1 + X’ / / K (2, y1) K (y1, y2) f (y2) dyadys

w(z) = / K (2, y)f (y)dy

b b

n

S
3
=&

|

with the solution: ~ ¢(z) = lim gn(z) = lim » Au;(z)

1=0
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Estimates at small x:

D

3 ‘
xg(x,t) = xg(x, pug) - WS/ dlogt’ 5&9(67 ) witn ¢ = p?
xZr
® yse constant starting distribution at small t: zgo(x) =C
S t 1 ~1un
xgi(z,t) = CA oo log — log —C : gE"
7 t() X ‘C
11 (3o, ¢t . 1\° 2 rung
) = - log — log ~
e = 0+ 11 (Bt ig 1Yo T
11 s t 1\" 3
Tgn(T,t) = C+—,—' (3a log—log—> C e
n! n! 78 to X
11 (3as, t 1\" E
xg(xz,t) = Zﬁﬁ(Tlog—ologz> C

rg(x,t) ~ Cexp (2
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double leading log
approximation (DLL)
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Results from DLL approximation

@ DLL arise from taking small x limit of splitting 3y
fct: rg(x,t) ~ Cexp| 2 -

e logl/x from small x limit of splitting fct

log u? /pu2 from p integration g
* strong ordering in x from small x limit = | T e osenmosd

* strong ordering in t from small ¢ limit of 0 L
ME... 5

» DLL gives rapid increase of gluon density S
from a flat starting distribution

@ gluons are coupled to F,... strong rise of £, at
small x:

1
N - i
'l e llllll A Ll lllljl 4 e jlllll e e llLLJl A L AL il

10
| 10° 10* 10° 10? 107

: * consequences:
* rise continues forever ??77?
* what happens when too high gluon density ?

0
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Remember the pre-HERA times

* Just before HERA started in 1992, new o {st HERA data 1992
PDF fits (NLO DGLAP) were released,
using all existing high precision data

H1 Nucl. Phys. B407 (1993) 515

402=8.50eV2 4Q‘=15(;9V?
[;N i | ! l: i T T
-~ MRS D*
Martin, Stirling, Roberts Apr 1992. 3 — MRS D
PhysRev.D47:867-882,1993. [ CTEQIMS '
== GRV
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From evolution equation to parton
branching ...

How 7



Divergencies again...

* collinear divergencies factored into renormalized parton distributions
* what about soft divergencies ?
treated with “plus” prescription

with

1 1 ' flz) [ S
l—2z " 1-zy4 /odz(l—Z)Jr_/odz

* soft divergency treated with Sudakov form factor:

A(t) = exp :— /t at / o dz5° P(2)
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DG

AP evolution again....

@ differential form: t—f(:c, t) — /

0

dz o

ot

Zmax < dt/
Ag( —exp( / dz/ - /
to 2T 1

» differential form using  f/Aswith

z 2

gt fA(x(t)) _/iz r i((zt)) r(5)

T

» integral form

o)

Pi(z) f (S0t

A ———

fla

s( t

t) = f(a:,to)Af(t) / dz / dt’.

S

\

—

Nno — branching probability from to to ¢
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Sudakov and Poisson statistics

@ Poisson statistics pte P

P(n,p) = -

s for n=0 , no-branch probability P(0,p) = exp (—p)

* if exponent in Sudakov form factor represents the integrated splitting probability,
then Sudakov gives no-branching probability:

Ny /dz_p )

» one-branch probability:  P(1,p) = pexp ( = Ag /dzP
* see full DGLAP with Sudakov:
dt’ Ag( t s =
flx,t) = f(x,tg)A /dz/dx / - P(z) X
Xf(x',tg) As(t)o(x — zx")
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Sudakov form factor: all loop resum...

. & &
g — g9 Spliting Fet ~ P(2) = . _Sz | ; -

* Sudakov form factor .... all loop resummation

Ns=exp (-~ [az [ 20 P )
Ag =1+ /dz/@%P /dz/dqas
q 27 2'

+ e F

~ dq o 1
P — —
(z) //dz q 27TP 2!
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DGLAP re-sums leading logs...

fat) = fwa.o+ [ [ 5 T 0Per (2.e)

Ag( z
@ solve integral equation via iteration: -
folwt) = fleto)A()  we o  wwowar [T
A@d = f@os0+ [ G o / L b (a2 ) AE)
0
X 1 E
z=xfxy P(z)
Xo,to
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DGLAP re-sums leading Iogs...

® solve integral equation via iteration:

fo(z,t) = flz,t0)A(t) e e e e

@) = f@wsn+ [ 520 [ L war)

to

= [f(x,t0)A(t) +1log A A(t) f(x/z,to)

fa(z,t) f(z,to)A(t) + log %A A(t)f(x/z,t0) +

%logQ tiA A AW F(z)zto)
0

f(z,t) = lim f,(x,t) = lim Z log <t>A”@ At)f(x/z,t0)

n— 00 n— 00 to -

DGLAP re-sums log ¢ to all orders !!!!!!!!!!!!!!!!
H. Jung, QCD and Monte Carlo techniques;+ecture 2, 8. March 2022
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DG

A

P evolution equation... again...

@ for fixed x and Q¢ chains with different branchings contribute

? jterative procedure, spacelike parton showering

>r1,;j
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—volution equation and parton branching method

@ use momentum weighted PDFs: z f(x,t)

:Efa($,u2) = A ( 2) mfa(m M(Q))

* with Pu(B) (as(t’),z) real emission probability (without virtual terms)
® zy introduced to separate real from virtual and non-emission probability
* reproduces DGLAP up to O(1 — zpr)

@ make use of momentum sum rule to treat virtual corrections
@ yse Sudakov form factor to treat non-resolvable and virtual corrections

Aq(zar, 12, 1) —exp( Z/M / dz z Py, (as), ))
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Validation of method with QCDnum at NLO

Hautmann, F., Jung, H., Lelek, A., Radescu, V., and Zlebcik, R.
Soft-gluon resolution scale in QCD evolution equations, Phys. Lett. B, 772(2017), 446

- X F
= RICE
3 & u2 = 100000 GeV?
- = — QCDnum
_ s — z,=1-10°
E g? ZM=1 -1 0-5
- = — z=1-10"
0.9 _5. ................... aegdeencnqencengecpeneeg .3 ..................... cogcbeceencnpucaeyecegect e qegep fecenncagenceqere engensapace
10 10 10 1072 10~ 1
X X

* Very good agreement with NLO - QCDnum if z,s is large enough:
@ approximation is of O(1 — z/)
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Validation of method with QCDnum at NLO
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* Very good agreement with NLO - QCDnum if z,s is large enough:
@ approximation is of O(1 — z/)
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