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Outline of the lectures

e 12. Oct
e 13. Oct
e 26. Oct

e 27.Oct

Intro to Monte Carlo techniques and structure of matter
parton evolution: DGLAP equations
DGLAP/BFKL/CCFM: evolution for small x

W/Z production in pp and soft gluon resummation

* 16. Nov Multiparton interactions

e 17. Nov Latest LHC results: small x, multiparton interactions,

* Exercises

QCD in high luminosity phase: Higgs as a gluon trigger

e 14 & 15 Oct
e 28 & 29 Oct
e 18 & 19 Nov
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Inelastic Scattering: QPM

* Infinite momentum frame: p* = (P,0,0, P) with P> M

* Virtual photon scatters off point-like quark which moves parallel (collinear) to proton,
with momentum fraction ~ p;, = &{p*

Ellis,Webber, Stirling, p 90 ff

* Using DIS variables gives for eq — eq

> 2e; (4mar)? 57

M= —54 (1+(1—y)°)

. GivINg ; 0202 BLACKBOARD
g T eq 5
dQ2 ~ QA (141 —y)°)

e Using maQSs shell conditi20n for outgoing quark gives (with fol drd(x —&)=1)

d°o 4o o L o
* compare this with formula for DIS

d*c 4o’ | 1—y ]

= 1+ (1—y)?) Fy A Fy — 22 F
dxd()? Q4 ( 1=y ) : x (F2 o 1)_
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s F, and F, a delta function *

nes Jung, QCD and MC, Lecture 2, 13. Oct 2015



Inelastic Scattering QPM

* Simple model with L e e e L e e s —
~ ~ | H- . ) ]
2 e i Floev’|
Fy = ze d(x — &) = 2xF Nl A -
 BUT structure function is a distribution. B N —
F, is a function of x: scaling, no Q? T .« 50 ~
SR e + 8.0
dependence . « 100
B c B.Y5
* q(£)d¢ is probability to find g with 4 * Lhoem s T
momentum fraction &....£ + d¢§ ) P, - 800 :
L | & o 1000 7
1 Y
,-J_ | | | | 1 I | T | ?‘ ﬁ-i| i
G 1 - 3 & B )

Fs(x) = 2xFy (x Z/ déq(& :Ue o(x — & Ze%q

e Proton structure function is:

" =1 {g (u(xz) + u(x) + c(x) + &(x)) + é

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Parton distribution functions (pdfs)

e fi(&)d¢ gives probability that parton /i carries momentum fraction between &
and £+ dé with 0<¢<1

* Number of partons i:

1
N, — /O dE £:(€)

From D. Soper hep-ph/9609018

* Momentum fraction carried by partons i:

1 1
— . — 2 .

gluon

x2f(x)

* Define sum-rules for hadron target:

*  Number of valence partons

up quark;..-*’""'

*  Momentum carried by partons

Se0T oelliEon
X

e Favor contents

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015



Picture of the Proton

e /O ' deuy (2) = 2

/ //_\\\ \ ' d d —
; ;," x(@ - aj \\ ray (x) T 1
0.6 ,, \ 0

:
/ Y
{
! \
%\g \ * Momentum sum of quarks:
I
I
!
l
I
|
|
t
!
!
i
i

* Flavor sum rules for proton:

04

\ N\ 1
_ %\m Sk Z/O drx [q(x) + q(x)] ~ 0.5

. s
) * \Where are the other 50 % of the

T~
0 % L I I
e . s proton's momentum *?

drxq(x) ~0.1]0.9+0.95+0.85+ 0.7+ 0.35+ 0.15 4+ 0.1 + 0.05] = 0.1 - 4.05 = 0.405

0.2

/qu(x) ~0.1[0.42 + 0.2 + 0.06 + 0.03 + 0.01] = 0.1 - 0.72 = 0.072
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Structure functions from HERA

H1 and ZEUS Combined PDF Fit
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HER A Structure Functions Working Group

Proton structure
function does not
depend on Q¥ for large
X

F, scales ...

Quarks are pointlike
constituents of proton

BUT things change at
smaller x..... and
smaller Q¢

10



Inelastic Scattering: main results

 F,scaling at large x

* ~ 50 % gluons

. F2 rise at small x

How can rising F, be
understood ?

Does rise continue
forever ?

What limits F, ?

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015

OeX\')

1.5

F Q= 27 GeV® [ 3.5 GeV’ 4.5 Gev: 6.5 GeV"
1 [
0.5 | -
0 :.._I PP [ | [, 1 PR [ [ [ [ PR RO [ [ [t 1| [T [ ([P [— [
B.S GeVv? 10 GeV?: 12 Gev? 15 GeV?

1f —
0.5 | -
0 :.—I P R e :..I R [ R— :.._l 1L
s 120 GeV® | 150 GeV?: L0 ) e L 1
1.5 —
1f ~

H1 and ZEUS Combined PDF Fit

1410110t

1 107 %1077 10 % 10!

R [ e Jpp— R

[ | HERAPDFO.1(prel.)

MNC e™p (prel.)
NC ep (prel.)

110710 1wt 1

X

April 2008

HER A Structure Functions Working Group



Inelastic Scattering: QPM (I)

* Key factor in QPM explanation is that over a short time in which the hard
scattering takes place, the quarks behave as if they are free, I.e. no
Interaction between them.

* |n the asymptotic limit ()2 — oo) the theory should describe quarks as free
particles

* Equivalent demanding that effective charge in theory should vanish as
smaller and smaller distances are prolbed.

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Inelastic Scattering: QPM (l)

* Until 1973 In theories the reverse was true: because of screening of charge at
larger distances coupling becomes smaller (QED)

* BREAK-THROUGH by 't Hooft (1972), Gross, Wilczek & Politzer (1973) non-
Abelian theory describing asymptotic behaviour QCD

* As in QED there is screening at large distances by the color charge of quarks
and gluons, but this is more than compensated by anti-screening (splitting) of
gluons. Thus for ()2 — 0o the effective coupling tends to vanish !

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015 13



Deeper ook to x-section:

separate leptonic from hadronic part

14



Separate ey part

e calculate v'q — ¢
Q2
* define: —
2Dq-q
. Ar%a
* results g = 6q5

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015

BLACKBOARD

15



extract flux of virtual photons

BLACKBOARD

d?o a1l 1
dyd@? 2my Q?

* flux of virtual photons: different definitions exist....

e QCDisin o

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Higher order corrections to DIS

ik LD =4 /2.9 W4 |

OPM OCDC OCDC BGF BGF
e lowest order: e+ q— € + q (9(042)
do 4o T o 1 o
TdE = oy (1T (1=v)?) 58z =9

e higherorder: e+q—¢e¢ +q¢ +g, e+g—€e +q+q O(Oéi)

e factorise electromagnetic vertex or calculate full 2 — $rocess

¢* Use WeiZSéCker(z. prys 88,612 (1904) =~ VVIIIAIMNS rys rev 45, 729 (190 (Or
EQUivalent PhOton(BudnevPhys Rep C15 , 181 (1974))) ApprOXimatiOﬂ:
from: do a 1 AT o
— 14+ (1 — 2:135 xr —
dyag? ~ aryge () el =0
: do 9 *

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Kinematics

R 1 — 2z
P, ﬁHLH P, §=(p1+p2)° =Q°

t < §

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Partonic cross sections

. 1 — 2z
Py ﬁ11.17 D §=(p1+p2)’=0Q° 9

t=k* = (pl —p3)2

Py X
P- U= (p2 — p3)°

—

* Flux for virtual photons:

F = 43/ (p1.p2)? + m3m3 = 2(3 + Q)

* xX-section with virtual photons:
d 1 1 1 1 1
— = M >
dt 167 52

/

real photons

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Isolate dominant parts
in the matrix elements:

region of small k_ !!!

20



Higher order corrections to DIS
£ / / >4l s

s S o

OPM QCDC OCDC BGF BGF
* lowest order: et+q—e+q Oy)
* higher order: e+q—e+qd+g, etg—e+q+q O(a)

e What is the dominant part of the x-section *?
* [nvestigate full x-section of QCDC and BGF
* dominant part comes from small transverse momenta ...

e rewrite x-section in terms of k|
e use smalltlimit:

d_a do 1 1 1
deL dt(l—z)_(l—z)F
1 1 1 1

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015 21



QCDC - contribution

A -
318 ¢t st
4 —1 [Q*(1 + 2?%) ]

= 3272 (eqozozs)

3 t 2(1—2)

integration over k; generates log BUT what is the lower limit

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Correction to cross section

P (;

- -
., .,

-~ -~

2 % ; N (\b
\ \ \
OPM OCDC oCcDC BGF BGF

o Connect with F:

42y

QZ
FZ(':Ua Qz)

X

0'063(215 (1 — %)

5’063 ® Py(2) ®log ...

g VP —

(Fo(z, Q%) — Fr(z,Q%)) ~

o’P = gy

SQPM

O_QC’DC’

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015

472 oy

QQ

B 4% Fy(x, Q%)
- 2¢qP

FZ(:];) Q2)

X

IS parton momentum
fraction

A2 o

2qP

oo —
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Hannes

QCDC contribution to F,

T A

OPM

3 P (E> |

Jung, QCD and MC, Lecture 2, 13. Oct 2015

2

e T,
(Y s (Y ;
OCDC OCDC

+ Cy (=, )




Hannes

Boson gluon fusion

1[a t  25Q*
IM]? = 327° (e aas) = = - SA?
" 2|t u ta
L
E do . 2% 1
akz ~ 0% gy gz Pas(2) +---
BGF BGF L2 (1-2)?)

Ppg(2) = 9 (22

e integration over k. generates /og, BUT what is the lower limit

BGF A

O — oo, —

Jung, QCD and MC, Lecture 2, 13. Oct 2015

2 Og
10

P,,(2)log (

Q*(1 — 2)

X2

)+...:

25



BGF contribution to F,

2
“v
_ -+
r [ N E
OPM BGF

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Adding up everything

p (—:}— (\/WT {17_‘i N (\b

kP Ao 2 4o by («'L’a QQ) 5 is parton momentum
o ™~ 2 F2 (58’ ) — fraction
Q Ys x
F 2 471'2(1

X Oon —
o7*P = o 2( JQ ) 0 2qP

h
« Connect with F,: ogQPM 00635 (1 —

O—QCDC’ — 6'063 R Pq(z) & 1

Pt = Gpel ® Py(z) ®log...
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Collinear factorization (part 1)

* pbare distributions go(x) are not measurable (like the bare charges ....)

= z) e {qo(af)%— %gqo(x);—;qu (g) log(§22> | Cq(z,..)}

* collinear singularities are absorbed into this bare distributions at a factorization scale 12
> 2 , defining renormalized distributions

gi(z, 1*) = q; (z) + g—; /: dg {qz (&) Pyq (%) log ()’?) + C, (%)} + ...

e Nnow F, becomes:

s e o D) (2 (8)

* separating or factorizing the long distance contributions to structure functions is a
fundamental property of the theory

* factorization provides a description for dealing with the logarithmic singularities, there is
arbitrariness in how the finite (non-logarithmic) parts are treated.

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015 28




Splitting functions in lowest order

/ 7 4 (14 22
: qu:§<1—z>

similarity to EPA...

29



From factorization to DGLAP

BLACKBOARD

30



Collinear factorization: DGLAP

* introduce new scale u2> x2 and include soft, non-perturbative physics into
renormalized parton density:

o) =)+ 22 [ ©r (£) + 0P (£)] 108 (%)

o Dol'cshitzer(aribovr LipatovAltarelliParisi eq U at | O n :

V.V. Gribov and L.N. Lipatov Sov. J. Nucl. Phys. 438 and 675 (1972) 15, L.N. Lipatov Sov. J. Nucl. Phys 94 (1975) 20,
G. Altarelli and G. Parisi Nucl.Phys.B 298 (1977) 126, Y L. Dokshitser Sov. Phys. JETP 641 (1977) 46

df;l(oxg’::j) = ;—W/ d; {qz(ﬁ u?) Py (%) + g(&, 1%) Pyg (%)}

 BUT there are also gluons....

dg(x, s [1d
goi) o [% Zquu o () + 96 (%

* DGLAP is the analogue to the beta function for running of the coupling

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015



Collinear factorization

see handbook of pQCD, chapter IV, B

Vh Va Q :u

(@3 = Y / aectV? B oa(6?) ) ® i, 2, 1)

€ ps " p?
i=f,f,G

e Factorization Theorem in DlS(CoIIins, Soper, Sterman, (1989) in Pert. QCD, ed. A.H. Mueller, Wold Scientific, Singapore, p1.)

Vi
* hard-scattering function C’é )IS infrared finite and calculable in pQCD,
depending only on vector boson V, parton /, and renormalization and
factorization scales. It is independent of the identity of hadron h.

o pdf fi/n(§, ,u?c, 1?) contains all the infrared sensitivity of cross section, and is
specific to hadron h, and depends on factorization scale.

* Generalization: applies to any DIS cross section defined by a sum over hadronic final
states .... but be careful what it really means....

* explicit factorization theorems exist for:
e diffractive DIS (... see above....)
* Drell Yan (in hadron hadron collisions)
* single particle inclusive cross sections (fragmentation functions)

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015 32



Factorization proofs and all that ...

o AbOUt faCtO I’IZ&J[IOH pI’OOfS (Wu—Ki Tung, pQCD and the parton structure of the nucleon, 2001, In *Shifman, M. (ed.): At the frontier of particle physics, vol. 2*

887-971 )

tions FM(z, £, a,(p)) (@ = all parton flavors). Although the underlying physical ideas are rela-
tively simple, as emphasized in the last two sections, the mathematical proofs are technically very
demanding.” %19 For this reason, actual proofs of factorization only exist for a few hard processes;
and certain proofs (e.g. that for the Drell-Yan process) stayed controversial for some time before
a consensus were reached.!® Because of the general character of the physical ideas and the mathe-
matical methods involved. however, it is generall wﬁl at the attractive quark-parton model

Cdoes apply to all high energy interactionsith at least one large energy scale.

2_‘; — ;/{; dé A /:B dEpf&(Ea, 1) f5(EB, 1) dé};;(u) -0 ((%)p)

* The problem with Drell-Yan: initial state
interactions... 5

* factorization here does not hold graph-
by-graph but only for all ....

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015
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Collinear factorization ....

* S0 far considered only “leading twist” Roberts 108

twist = dimension (spin) of operators in Operator LL"L,_L ‘l_r"rrr
Product Expansion (OPE)

e Factorization theorem (Collins hep-ph/9709499). / \

Fy(z, Q%) = Z Cs; ® f; + non-leading power of ()

DO

2
F2 (33, Q2) = Z Bn (ZE’ Q ) n>0 higher twists

QQn non-leading powers ...

n

* NOT covered by factorization theorem.... but contributions can be large 7?17

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015 34



N
i "

I 0,
L1
-
*

4.+ Warning on Factorization:

The limits are factorization (i.e., the universality) ofhh — h + Xis
not yet fully explored!

You must surely sum over (i.e., not ask questions about) the soft
stuff (as we do with jets)

Some limits are becoming “clear” in h h —» h h (b-to-b) + X
See, e.g., J. Collins, hep-ph/0708.4410

The INTRO discussion in
G. Sterman, hepHph/0807.5118

The application of SCET (Soft Collinear Effective Theory)
C. W. Bauer, et al., hepHph/0808.2191

See also, M. Seymour, et al., hepHph/0808.1269

S. D. Ellis Maria Laach 2008 43
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But even this i1s not the full story...

* factorization breaking in pp — j1 72 X S —
J. Collins, J.W. Qiu hep-ph 0705.2141 N N 4
SO N R /
e 7N / g \
D A\
) rd 7 - < \Iz’_z

FIG. 8 (color online). The exchange of two extra gluons, as in

this graph, will tend to give nonfactorization in unpolarized cross
sections.

* factorization breaking also in t¢ production at large pstor

S. Catani, M. Grazzini, and A. Torre. Transverse-momentum
resummation for heavy-quark hadropro- duction. arXiv 1408.4564

3
3

Ll i —ag -t
_J_|"_I “"'|_ qg -t ]
e “"1:_"'1 |

'“'-ul_“_l__

S

L1 1 | 11 1 I LB 1 I Ll 1 I L1 -Lh 1 1 I i1 1 I L1 1 I 14 1 | 11 1
0 20 40 60 80 100 120 140 160 180 200
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Collinear factorization schemes

* DIS scheme: absorbing all finite contributions C, into quark densities, with no
finite O(as) corrections:

FP" (2, Q%) =2 elq(z, Q)

e MS scheme: only minimal contributions from the finite parts are absorbed in the
quark distributions:

FQM—S(:B,QQ) :wZeg/dx—?qM—S(a:,QQ) {5 (1— 52> | ;;CM—S <52> | }

* once the scheme is chosen, it MUST be used in all other cross section
calculations

* higher order corrections will of course depend on the chosen scheme...

* BUT.... there are still other contributions to be included... gluon induced
processes

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015 37



PDFs In different fact. schemes

o £ ™ 2':'
b P [ [[Hepoar
S [ [ bosaboses =i :
E-' 13 - Qu:E: 1I:| I:e-"u"gzz E___ 13 L G*#E: T|::| GE'I'U'IFFE'
= i —_—up CTEQBL > I — gluon CTEQ&L
16 - T CTEQED 16 ---. gluon  CTEQED
L up CTEQEM I ... gluon  CTEQBEM
14 |- 14 |
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e differences between LO and NLO DIS, MS scheme in quark and
gluon densities

* can make significant effects for x-sections
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But back to the
evolution equation
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Splitting functions at higher orders

S. Moch, HERA-LHC workshop, June 2004

The calculation (in a nut shell) P(Z, Ofs) — P(O) (Z) 4+ _P(l)

— Calculate anomalous dimensions (Mellin moments of splitting functions)
—— divergence of Feynman diagrams in dimensional regularization /) = 4 — 2¢

1
kB AN Jo ~N—1 pln) s
{i] ( f\'r) ——— ‘/(} (j.\ .'\ F)i'] (.f‘)
loops again:
1-loo
— One-loop Feynman diagrams 2-IOOBS - rs;

— intotal 18 for yy, / Py
(pencil + paper)

3-loops

— Two-loop Feynman diagrams
— intotal 350 for ;' / PV
(simple computer algebra)

— Three-loop Feynman diagrams
— in total 9607 for v}, / P\

(cutting edge technology —— computer
algebra system FORM Vermaseren '89-'04)

400000+
Q000

\ 0QOoDo
1
L
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Splitting functions (cont'd)

S. Moch, HERA-LHC workshop, June 2004

o
s p(1)
P (2)

LO and NLO singlet splitting functions p( Z, as) — P(O)(z)

201

A =0 R () = 4Gy (G-~ 2+6r—4Ho+ F|§HD—%]—r_n.v][ﬁHn-anﬂ]}

E;':g}[x} = Enlrpqp;[a'j

201 218
M = r ———? 2 | —_——
PO = 26 pu(e Ra'(x) = itin(g 4 25x— 2pgg(—x)H_10— zmmHu#[ Ho- =
R = s u-|+”5{1—11)—3:”5{1—.1-1 +4(1—x) [Hog — 2Ho + 1y | — 4Cpr— BHap +OHo ) +4 Gy 2pag(x) [Hio +Hiy +Hy
jgg'. x 3 ] 3 L
.. - 297 15 1
~Go| + 42 [Ho+ Hog + | +2(1 —x) [Ho+ Hop — 24H1 + =] - =~ Hog — Ha

F‘“UI—4I:f-f(l+ngql\'|[HlU+Hll+H2 —Hl] [—Hﬂ‘ ]*4'“? :

3 2
—THp+2Hpp— 2Hpx+ (1 + H[EHM 5Hu——] 2 pgg(—xJH lIZI} 4:1';.-:;;(53

10 fi
~paal ) [EHL - 5)) 46 (ol 380 2H1 | + (149 [Hos - -+ 5Ha| ~3Hog

3
+1-Hy + EHL.r)

By'(x) = 4ftnr(1 ¥ fpﬂm-j—;(é-f}-gn an--a.l r}j+4ﬂf(2?
+(1+x) [—HD-I'EHM——] 2 gl — !’I[Hu.} ZH 10— 52] Eg? (l\_—%‘z)— 12Hp
-—ng 2pgg (x) [% i EH;] +8(1-x) [§+ :h;g] ) +4Cpn (2Ho

2 10, _ T, SO
5+ —12+|1+1|[4 SHg — 2Hg] —78(1 1)) .
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Splitting functions (cont'd

P Z7 aS p— P(O) Z _I_ %P(l) Z I aS 4 P(Q) Z _I_ .S._l.\/loch, HERA-LHC workshop, June 2004
27 27
NNLO singlet splitting functions

Bl = -':-g; gul.\, -;u: _. iu 12 -!I e -;.'u lu I Bra+Han i |;---!;-|h-'-:|:-.| x su-,-: e ':l!',""‘"'lll""“ Ih,q,u-:-ﬂ = ;-'u:;-a::: 3+ SERmpE + 551 gm - THH :_n::-u-_-
18 li::rcns..ﬁuﬁ.ru - 1--|lil-\'._| Wy » g Ty -3l n;_. s, 1n- B ga + gl #5581+ =1 H_y By dig "ll.l o, 0, %Im ST g BTy, B B D T T Ry
wef gl ..J-'T;,--mulu -4-u|- ﬁ o s o e st s o e '-'!"""" S gl m - L a2 il '!""-'-"‘ -.Tﬁ_." o 20 imn+ S Ill|| \_;:n Pla-iph- .?H.n LT T o e ST I A = )
Vg + T+ Ty} o 0 - [y 4 158 -,uu -,’41,.-- g “f-_-! = T"" L Loy PR W St e nltibna gt as “atat e Tl s MR+ T o T e B M+ B
n-.'.’:.“::l.il.. g e A B g e B ,“.!.uul;,. u;, :;l,.“ rhay I.:' "'-"-'-"1"" _"-"f__a'r' m"-'-‘ Fhg-+ Ml u"{‘u'rh TH.x_1p .’liu..; 551 _pln— TIH sy 5l 4 -,..... s+ By - Wy _gp B rE = m--ém-illx.‘:-lll 5, ag)
:Fllll wap s E| w1 --I‘Tr;-k-h ':ﬁ‘ -‘|I+h--rllh -]-D —i: et 'FI""" h'-";I""""I"l'“’ T":"‘ %I'“ "'!I'""' e MBS 5 @l - H & Bl - Abbgs] + 38 _1a + B 1 s - B THa o 4
*i‘lru i e B fh'--ﬁu‘-:lua F ok + T T T""I L e L M - Elf-u.. - -’,ﬂlm--';-u.. -?u:.. -',1-.;- e = eg G Eri - Bloan i g -mhemy + it
1" 1 lkl.-'“"‘zﬂ ;"‘l.l'" l.u'“'a.' -“u Fﬁ '=--"=l L] i), Bt e _‘n .:-T:I'u,i: :I' el B <My, .l 1:"':.:- '.l"- Tw':: Mg+ T"-.- 'l!"ﬁl :-u T’-'ﬂ’ 'ﬁ""""“'":* Tig "ilf"' %"' x !'¢ !“'*‘ 1""“'-"
liamsp ,:ru-.;nlha T.-n Egn- —r'-"-' T!uule ™ T '_' e i 7 i ""_""'?" | I‘:"‘-'-"':"'“' a!:, l, .“.II 1 ..1.-!:1-|| ik #.. o :I-_I-II an T-u Thuen # ye + 5] + Tl -8 [T 18 v i+ T2 e "lF""il'
o, e, Dy i fT“u By v 1L 5y iy e .uu;-auw:uuhlhu Fuas e S -!-lmu--,llu LB e W _ﬂ_l 1"* {rhl oot ol n-H i ul:=.?. ..ﬂu,,.:l.n-, L JELL
A .-.l;, My 4 Hag By 4 TR 2l — T Bt B b 2Py BT e i) i "-’ oaps ':?"’-' 'I'l"‘" %2:' :F;_.k.ﬂ.'_.h“ ;;,,.J,.'M ..E"_-.., g+ T %'h -q.’-;ru b s - e — - el - 4 5 B g e
';..;...:l: e ||...;-.,.;._.:| "'-;I'"'-' .:_;.=._u.. ..?"l":i 'I'!"'-"T"’: '!D'I?"' T"“ 5""‘" '!T‘“ _X"-" b &gy I||l .: ".u,_. 'I"'l"""" .!.'_ :';.u. T"“ Mgy + il !-:IHIF%WF"U: Hay %"H-"'l'“ e '1""" 1"‘“'%""""!1"‘
.-.'.-:l.-r-,-u, ‘.|'¢='“""" THy + el + Tu...uu.‘. Y+ 3L T'|ll T"" T'"'"'l'!'"’ !#‘"' il = gy gz * - "l“-'lT"E P “-.I 1 rm— ."_“.'.,.1:_".. iﬂ' :-:-u-ﬂl -..-Il.l. :-\A.r"-I‘} -g—-u‘l E’I""UJ -,-.-au
'ilt""-‘ ll-,ul-'!-lh |:||:i|_‘: %h--t Bk Hey -fa :Ei.:r'rll.:l::hc II...'.. II.,:“II. : -gll. :F-.,:..—I :--I. -:-lh-{-ﬂlu ;‘_ il-ng%h-#ﬁ_l'liﬁ'a.-hﬂ‘. gy = THy -.u,'_ Bt '!T"' T"'-' '!I"‘-"u m!ﬁq.-r :{_-.-TE;_-.
T“f" Tlll.l E L B -|-¢- To- S s s |-lhl|=-.'|| Zu WSRO "'"'Tl'" n""'" gl %': L IJ:' aLan "'.-u:'_:-s;.u-nu.-:.:-b,.ul:_._--uh,u-:lm-:lm_;-;-lh- 'Irlr.:r“*I s+ Pl + 88 ;"’- 4 .= THos - Tl = e +
--g-u = .Pn%lu q-r-n Ty i 0 LB e By - By - ) r‘" ':I 14l ::: I“ T' T"" H'"; ; :_'f 2 i o %h' -'-;.-"u i--w 'r“ il = Fihgns Fihiza - i T - .50 - S+ s+ i s
"': n_.!.u.,._,.... _ﬂ'"' T!I‘"'" 'II-EII"" 'i“’ %"" ?"' Wil H:: ;.‘Hé‘:u L-ﬂ-,.rl:::'. T:lg'rlll:c;::.-'|:;|'I : 1?:;1':” _" Ijl'"l -rlllf.: r"w-'r”ll.l' 1"|| 'Ié:.'l:ll Jie;; 1'.-'?:, e =My sy —~ Bl - My ”:.l.l"“l.-l"'-l-..l il B M g
STl T W cn - P | (1480 g+ i+ A = Thyn + 00 - A T TR '!l" T TR B T I VAN 1 R 3 A LI T IR T R SRR
Prgli + by St Mg - iy - By - by - by - 655 | 1!4" “'1:.' ;_'fh ;r“:; ’:i I'Ir“-“ I;m"* "El"u I?""v ':'u-""l"""il'-- # Bazan ":f'"'-'- "J.u'z" 1z plaa SEHL1 g2 - T e+ B s+ 3R aas] o 1 - b -
=i el Lr A AR A1 3 ] " H | o el 431 L1, 21
38 15 [ Fiypa B | + 1| TR W ||,'__,.=|h_I s Plams gHan v g®a W ape— pHoana ::l.lq-l‘._l'a.:': Ilgi,u Hey -“n-u"[n"hj b rp T E -?-'Il-u I:::.- Tiyn -Id-!-ug l:lu- 'I]I';lll.l.l
T |::.a:...-|-|_,q._|r. T;.n;: Alkga s Tl T...;:;m,,nm:- ey = 5 My Tt T 150+ 5 - -  p n — b s e 'I!"" ,;,;‘1 L - [ R TRV LITIFR TR [
=] |u o, 1am el '\-I ] H 1 1 I
T Bl -.-,u-u -ﬂ-um!-:u W ?u. !Hc,. T i 3  m e B+ s Plsta + a1 B ¥ *r'h"'--"r'hJ s B L
11'" 1'"' 'r,r" 1'”=.l -FII-.-.- gh S8l 2T ||--II.J||||— .r"':.:-tl -::p .u.,-,--.]un,- T"' = l_-‘ % TOOw -'-;-‘ S Fig
w . ] +asln ' - o . sLEm ¥ 2By iy un ay a5
PR T :lt_.:ul?uu,-.:lnu.o- un_.,_. :||n: [ ;" U'-"';"""'“ 'I;'" at ; --1"' ] %—'II- My, 2 N S Bt i e . T
Ty -,Eu.;_, i'JIuI—';"u“!]hh o %1.;_. zgn—.r-.u“w. ﬁrlh Hag ||... - T . gl-.-au, I -iI..'q,:.. L FELLTESREITHRN LR T |:-, - ,:..lll_.{_. LT -'!'-l‘u;. -’,"—'u.u IR LT T }u_. LTS
'-;ﬂ"h"-z;-" . -;-i'"p Ly gy — By -!-":_I Hyg ¢ ?'1# L EEE =24 -!ﬂul I:’pl Ay g -u _I T: - Ergman "1 L. -,-I"hl :':_l LLTE Sl TR "'"':"I'":": .!..- " '“-1'1-“-'\ =H |_| %' amt -_|'- (] .""l.? =1 "::'1'1"!; =g - iH zp
i = 1";_.. H_oln 4 Wy <] _pllz + TEH 3_on Jl,p-rilln,. gl g-a 1-J,I Han - yikn 1||u-.|,|-,:.. -.Tu-,.- +1=.17 [l -m-lh Hoam+ -l—lhi.-;-lh ":izli' -":I-l;: Tu-,n.-..u. .n.;‘ 138 4% 'rr"“ f!'-..-- 1_’-'":,. R maty BLa s HTS e :.a:s-
+§iaan Tu;:an s Blaza 4 1 ..;..i:,':.-._.nfl.-a:: -|.|- Pt <2y -Bm - M) - e e - ety - T e * 1L e~ S By v F‘fh - P B o Fnenn- Yo -,
e Bt ;,-u.. T -,-u..,. - o - s « 2 gt g + b ) + 6 B - S - % o | "..l"" -] = 160 Tyt !rﬂl-“'w': A= : i e e+ 1 7
L T L a
7 T = " 2 g . A1-rekh ﬂ 'r' +tifis —!s.. ,u.. Uy + dirart - ) 'r"’ TN U TR TS ST TR TS
.]I 118 -r¢| -!-t_l -rrlr-.-‘u |,_ -sni ] wd.;l |,l.|-lih{| --_rll:_l Bl S an - TR+ B ae - 39 ee - Ha e s g - Bas i 1 m, | L L
e + W o ity 0 Ty - T Bty - g M Mok a-ahin 'L"'"""ﬁ' T"' Hou e 1'"' s I & 'I'!'"' s z“h sy hﬁ o LT
an+ .-....m:-lu—-m-fh- LITRE St s Fran - Tm - ple - g™ o T el A0 ir L | e A e T -3+ i
P AT RS T IR L F- (PP TR Sy g B 4 g o G g M, amn - g X ] ': 5 Pt T':.“"' i gy g ':'a mf ;f"a:flr i T ;
|-n-||| T - S g 8 TR g TR A T W] 01 e T YAy Wil 4 Vg - B+ M+ s pon TT""E‘ ""’F‘I"f; iy T""_'Ir:" N ?"-’:h:'h-u "' ! i i b
Bz i Al B ] m....u T_L T g 1p B+ Hy 4 Bl + T - Tl # ity + S {14y e """‘ eyt il A i Y “"F_':"F!"’ ‘.r'" Tt 2 Faga-
e+ Bl “"u T"' T T ._I‘Frm-:_u_l R PN S al.: 14 S T3 s ‘.l" a4 " k= ""'"""'-"'_'.‘l'* = "””’f-f . tea 7"""‘.}:" " G| T‘;"JI:"".I'"'-' “"_ b= 1'""
o .“..u. . T" A Tl. PP LT TSR T -:Illl ;u‘" %.;':u Bl g peg 1""""'I'!'"" LA B "“;_"F"' E fan Hag+ ghagn + qpik + Hr '”!-: | xiy - 'l"‘. ‘:!"s"-'-l
S an 3 T 1B 2 2p - g Tz T -}'u, - it - g P g+ R Ty I it s e e 1 i T i o - T
o] + -t B2 e el T !'_L PP ]n:. e T T L PR ':’"' Bk 1;:'.'-%""" 5"' :“"“al 3= 11"“- Hagla o T B G- W BT -s""'r""'u"-l' Vel
-:a'lh """"'I" .n-qlh,.:u-_._.--.-..u T !“”I‘"” e 1“: B ?m LT I:.....u“ ;q;, 5 ',"-‘"I'""'\-“ ﬂl::; Bgs] S+ Bty + B 1z a-u.'.-...- .n.nq B 4% +lielz l|= -
- 1 h.- ‘-m-f'.; gl - w1 -_|-H 118 W WO | A w1 nsn--rr-.,-c’- iz |+ 16, 3 (LI g + Tl L] ul:!;.u 1S |||u|,u|u T!-Itl.lt a bkl -ﬂq-lh
e '!“'-"“ R ) iy s h S+t 3 - - g g T"' i R '15"“‘-‘1 Stk
1y ._-,.'1!-! wan = Ty - iy s S 1" 'Ih,n LTS o |:;,=:,..[3',|u - B ,.u.. ._,.a-u ":'r* LU R L AL £ am= S _in + 45 1ap - Tohnpls - Togmn - 45 + T # Tl
= Vi S B g i« Sy« Bl gy Bi'h iy B g+ . Z AL S i VFymnn - Byl — iy, ap + By - S gl = Mo = B =ikl By p 4 Wy - Tikg 4 a1 - 1)
nﬁ'-l.:'u i =g g m-;JrTr'--n-cf-m sr'ﬁ'.! 1‘::5;: 1};‘:’.1‘“_“'“_'”_‘_1 e 1 By i+ Ly + g o il o
SHLap T.h,u-n-!-u = in,un-:uuauju 28 Libmans -“llll., T ’u.:-::..._;a.ui: g + -.-,u: Haam - Huzs | - prits i = i 13 L
- s P B B B ettt e Goe o ol o
s s B -?ll e fl..,., el I g L PR P R T },!u.... A - e e T st
L E s 1 T s Mo ey L I T 3 Mo @, 1,
o ':ﬂt"y-il"”ll T' |+ Wy |oun -". yiHaa fp i L -:-'El-a-u Hojla-4H g ap -!-"Iil Byl =]l - @G T T BT T T

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015



NLO contributions to F,(x,Q?)

LO

0
Qg

T

-

NLO

T
-

virtual corrections cancel
collinear singularity

S\

—— Virtual corrections to QPM
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-

no collinear singularity
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Evolution kernels — splitting fcts

® some of the splitting functions are also divergent...
1

1 —=2
* use plus-distribution to avoid dangerous region:

1dz fz)  _ 1dzf(2)—f(1)
/o (1—2)+ /o 1 —2z

* divergence cancelled by virtual corrections ...
* use splitting functions with plus-distribution
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Conservahon rules Wlth DGLAP

1
/ dxx
0

* use DGLAP
in (CB, /LZ)

dlog p?
dg(z, pu*)

dlog p?

=>to obtain:

| 1=—0

21 ).

quu)+g($u)

o 14_5'

§

s 1d§

2

. €

G (6.1 Py (

=1

L

§

| do 2 [Pugfa) + Pyl

/0 dx x |Pyg(x) + 2nyPyg ()

es Jung, QCD and MC, Lecture 2, 1

3. Oct 2015

) o, (f)j

N

|
-

45



How to apply these results



Applying DGLAP to DIS data ...

H1 and ZEUS Combined PDF Fit H1 and ZEUS Combined Data

N 7L 2G 2
X . 5 YL x=0.002 &
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* Theory describes measurement OVar 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

o extract PDFs as fct of x
* then DGLAP gives PDFs at any Q?

Hannes Jung, QCD and MC, Lecture 2, 13. Oct 2015

H1 and ZEUS Combined PDF Fit
LR voor T rrTr roor TR rreT '

08

0.6

| xg (x0.05)

Q?=10 GeV*

—— HERAPDFO0.2 (prel.)
B exp. uncert.
model uncert.

- parametrization uncert.

April 2009
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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)

(@)  f(@me1r — 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/~cteq/

* 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)
* Monte Carlo method from iterative procedure

* brute-force method and MC method are best suited for detailed studies of branching
processes !!!
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Evolution code in LHAPDF

500 LHAPDF :: HepForge —
I: *; i = ]j:'”.' @ ( ' http:/ /projects.hepforge.org/lhapdf/ ‘i,j"'w" = ("' factorization breaking Q\‘"

Most Visited = H1 Fast Mavigator DESY CMS Homepage phone book HERA LHC workshop. .. HERA Monte Carlo P. .. HERA - LHC worksh... eds07 Physics form at de.a... »
| LHAPDF R} Got | hosted by CEDAR HepForge >

LHAPDF the Les Houches Accord PDF Interface

Home

» LHAPDF Home LHAPDF provides a unified and easy to use interface to modern PDF sets. It is designed to work not only with
= Publications individual PDF sets but also with the more recent multiple "error" sets. It can be viewed as the successor to
: PDFLIB, incorporating many of the older sets found in the latter, including pion and photon PDFs. In LHAPDF the
« |nstallation ] . h . —
computer code and input parameters/grids are separated thus allowing more easy updating and no limit to the
» PDF sets expansion possibilities. The code and data sets can be downloaded together or inidivually as desired. From
» Downloads version 4.1 onwards a configuration script facilitates the installation of LHAPDF.

 User manual

» Theory review Contents: Patches: paiches to 5.7.0
s C++ wrapper (v5.4)

Installing LHAPDF. Downloads:
« C++ wrapper (old - v5.3)) List of all available PDF sets.
= Python wrapper (v5.4) On-line user manual. Latest released version (16/02/2009):
« .LHpdf files PDF set numbers 5.7.0 (full): Inapdf-5.7.0.tar.gz
N A wrapper for C++. 5.7.0 (nopdf): Ihapdf-5.7.0-nopdf.tar.gz
* .LHgrid files A wrapper for C++. (old version) Extra PDF sets
» Mailing list A little bit of theory. Old versions:
« Changelog Description of the .LHpdf files 5.6.0 (full): Inapdf-5.6.0.tar.gz 3
. Description of the .LHgrid files 5.5.1 (full): Ihapdf-5.5.1 tar.gz
« Subversion repo PDFsets.index 5.5.0 (full): Ihapdf-5.5.0.tar.gz
+ Contact How to join the announcement mailing list. 5.4.1 (full): Ihapdf-5.4.1.tar.gz
How to email the developers of LHAPDF 5.4.0 (full): Ihapdf-5.4.0.tar.gz
View the Subversion repository. 5.3.1 (full): Inapdf-5.3.1.tar.gz(patches)
Tracker/Wiki 5.3.0 (full): Inapdf-5.3.0.tar.gz(patches)
ChangelLog. 5.2.3 (full): Ihapdf-5.2.3.tar.gz
5.2.2 (full): Ihapdf-5.2.2.tar.gz
Publications/LHAPDF reference 5.2.1 (full): Ihapdf-5.2.1.tar.gz
Name conflicts with CERNLIB 5.2 (full): Inapdf-5.2.tar.gz

4f

5.] llﬁ{[l)gl!hgpdf-g.1 tar.gz

Can use LHAPDF to evolve starting distribution to any Q2 with
* CTEQ, QCDNUM, and other evolution packages...
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