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e Exercises

Outline of the lectures

12. Oct
13. Oct
26. Oct
27. Oct
16. Nov
17. Nov

Intro to Monte Carlo techniques and structure of matter
DGLAP: solution with MCs

DGLAP/BFKL/CCFM: evolution for small x

W/Z production in pp and soft gluon resummation
Multiparton interactions

Latest LHC results: small x, multiparton interactions,

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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Higher order corrections to DIS

ik e / / - et

s S o

OPM QCDC OCDC BGF BGF
* l[owest order: et+q—e +¢ 0(04(3))
* higher order: et+q—€e+qd+g, et+g—e+qg+q (’)(a;)

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

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

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

XL
e Connect with F.: og@PM 00635 (1 —

O—QCDC’ — 6'063 K Pq(z) & 1

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

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

= z) ¢ {q()(a?)—k d?gqo(a:);—;qu (%) 1og<§22> ICq(z,..)}

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

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

e NOW F2 becomes:

e [ e [ (1 2) g () e(5) 5

* 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.
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Splitting functions in lowest order

q p _4 1+ 27
a 7 o3 \1-=%

£y, 4 1+ (1— 2)?
q f Pyq = 3 ( ( ) > similarity to EPA...




Collinear factorization: DGLAP

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

d§

qi(z, 1n?) = ¢¥(z) + %/m % [qz (&) Pyq (%) +9°(§) Pyg (g)] log (i—z)

. DokshitzerG ribov LipatovAItarelli Parisi eq U at i 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 6. Parisi Nucl.Phys.B 298 (1977) 126, Y L. Dokshitser Sov. Phys. JETP 641 (1977) 46

dgil(j;Zj) — ;—W/ dg {qz(ﬁ u?) P, (%) + g(&, 1?) Pyq (%H

* BUT there are also gluons...

dg(.:r:,u?:% L dg Zquu (S)Jrg(fu) (—

dlog 1 21w ., 5

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

see handbook of pQCD, chapter IV, B

Vh Vi Q :u

Mz, Q%) = Y / decy”? ( L as(/ﬂ)) ® fisn(&, 1t 1n?)

£ 2 p?
i=f,f,G

. FaCtOI’IZB.tIOH Theorem |n DIS(Collins, Soper, Sterman, (1989) in Pert. QCD, ed. A.H. Mueller, Wold Scientific, Singapore, p1.)

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

e pdf f; /h(f : ,u?z, ,u2) 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)
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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

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015
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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 3, 26

. Oct 2015
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N

|
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Solution of DGLAP equation:

What happens at small x ?

13



What is happening at small x

* For gz — 0 only gluon splitting function matters:

ng:6(1_z B z(1—z)):6(1—2+z(1—z)

Z 1 — 2 A

1
Py ~6— for z — 0
Z

1
1 —z

* evolution equation is then: BLACKBOARD

dg(x,p?) oy [1dE T
dlogpu?2 27 . <& 9(§, 1) Py (E)

vg(z,t) = zg(x, 12) + 2 /dlogt/ X ege.t)

to

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015
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Solving integral equations

. Integral equation of Fredholm type From MathWWoric-A Wofram Web Resoarce, -
http://mathworld.wolfram.com/IntegralEquationNeumannSeries.htm
o(x )+ A / K(z,y)¢
* solve it by iteration (Neumann serles)
do(z) = f(z)

b BLACKBOARD
bi(z) = flz)+ A / K (2, y)f (y)dy

b b b
P2(z) = f(fc)+A/ K(w,y1)f(y1)dy1+k2/ / K (z,y1)K (y1,y2) f (y2)dy2dy;

w(z) — / K (z,y)f(y)dy

b b

n

S
3
&

]

with the solution: P(x) = nlglgo qn(T) = nh—?;o )\Zuz(x)
i=0
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Estimates at small x: DLL

3o
2g(z,t) = (2, 112) - / dlogt / Ceglet)) wn t= 4

to
* use constant starting distribution at small t: rgo(x) =C
3o t 1
xgi(z,t) = CA a log — log —C l'm“gé"
T to X AC -
2 2 run
11 [/ 3as 1 g E
t) = C+==[—"21 —1 C
zg2(2, 1) 25 ( ®h Ca ) M
L/
1 1 (3as t 1\" 3
rgn(x,t) = CA “ log—log— ) C e
n!ln! \ =« to x
1 1 [/3as t 1\"
rg(xz,t) = ;n' - < - log%log 5) C O -
xg(x,t) ~ Cexp (2\/ “ log — log —> double leading log
7 to T approximation (DLL)
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Results from DLL approximation

* DLL arise from taking small x limit of

zg(z,t)
e logl/x  from small x limit of

splitting fct:

splitting fct

of ME...

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

e gluons are coupled to F,... strong rise of F,

at small x:

M

log p? / 1§ from u integration
strong ordering in x from small x limit
strong ordering in t from small t limit

(%

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015

~ (Cexp (2\/

3o, e 1
a log 5 log >
-

Mo

—~ 10%;
G_ B
X
L]
» DLL with o, = 0.2 at t=10 GeV?

10 -

\\\

1 - .-\‘-::\
10 -1 T BT T

07 10% 10° 102 107

e CONSEqUENCES:
e rise continues forever ???

* what happens when too high gluon density ?
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Remember the pre-HERA times

» Just before HERA started in 1992, > 1t HERA data 1992
new PDF fits (NLO DGLAP) were

released, using all existing high

H1 Nucl. Phys. B407 (1993) 515

. - 2 _
preC|S|0n data N 4 Qzl?tﬁ:lf G'e}f”"' T ) 4Q 1_1u’n€] Glre]l/i;nm] T TTTTT
-- MRS D*
Martin, Stirling, Roberts Apr 1992. Jr — MRS D™
Phys.Rev.D47:867-882,1993. = CTEQIMS -
pHP S LA BRI R AR ALY == GRV '
2 B (x, 0% = 20Gev?)
3k i
< x BCDOMS (x0.98)

1N * NMC (prelimin
B \\ 0. (unshadowed)

?0“ 1078 10% 107 ?0“ 1079 10% 107
x X
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From evolution equation to parton
branching ...

How 7

19



Divergencies again...

* collinear divergencies factored into renormalized parton distributions
* what about soft divergencies ?

treated with “plus” prescription

with

o, / . f(z)+ _ / L) = fQ)

1l — 2z 1—Z_|_ ]_—Z)

* soft divergency treated with Sudakov form factor:

A(t) = exp :— /t at / o 1= 502)

BLACKBOARD
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Hannes

DGLAP evolution again....

0

* differential form: t— f(r.t :/

Zmax < dt/
As(t) = exp ( / dz/ - /
to 2T 1t

e differential form using f/As with

dz o

z 2T

~

tz?t ﬁf{tt)) :/iz > i)jft)) f(501)

* integral form

f(a:,t):fxto /dz/dt’. :t

no — branching probablllty fromitgtot

Jung, QCD and MC, Lecture 3, 26. Oct 2015
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Sudakov form factor: all loop resum...

g — 99 Splitting Fct P(z) =

1 — 2
* Sudakov form factor .... all loop resummation

As—exp( /dz/d% ;8 )
s
dqg ag ~
Asg =1+ dz ——P
q 27

+ B + o +

~ dqg o 1 dq ag =~ :

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015 292




Hannes

DGLAP re-sums leading \ogs

Fla.t) = fla to) A /dz/dt’. Ag (t (;,t’)

* solve integral equation via iteration:

fromt'to t from ¢, to t'

fO (3;-’ t) — f(fl?, to)A(t) w/o branching Ibranch'ng at t' I wlo branching

fi(z,t) = f(x,tp)A /tdfl NG /dZH f(x/z,t0)At")

Jung, QCD and MC, Lecture 3, 26. Oct 2015
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DGLAP re-sums leading logs...
F(@,t) = f, to) A(t) + /dZ/dt’.A“)” )7 (Z.0)

z
* solve integral equation via iteration:

fo(.’L‘,t)
At = f@wsn+ [ 5o [ L@ aw)

= f(z,t0)A(t) + log OA®A f(z/z,t0)

fr(/)m tl;to t " e from ¢, to t'
f(.CL', to)A (t) w/o branching ranching a I wlo branching

Bt = S WA +log L A® AR (/2 t0) +
%logQ L A® A AW f(z/2 t)
O
flx,t) = nlgrgofn(:zr t) —nlingoz log (tZ)A""@A(t)f(iE/Z,to)

DGLAP re-sums log L to all orders !!!!!!!!!!!!!!!!

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015 24



DGLAP evolution equation... again...

* for fixed x and Q? chains with different branchings contribute
* terative procedure, spacelike parton showering

103 103
g o
H“ | _?i
i I
i )
g 10 | - S 10F
1F 1k
- _ 10 ) el ul 10 g aud ol o
lu =R R ol ha i E ol il e lU PECETT T BT s s masw PR TT PR T P PEEETTTY 5 omaake PEFET A & mamm PEETETT 5 ma ol
: . . ] -4 3 2 1 4 i, 2 1
w?t 10? 1w 10w 107 10?7 10! 0w 1w 1w 1 10 107 107 1w
X X

X X

f(z,t) = fo(z,to)A +ka Tk, k)
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Light-cone variables

* Light Cone variables: L B
V=(VO, V1, V2 V3) = (VO V,V3)
VT = \%(VO +V7) P p+
Vo= 25(VO - V) .
V=WVt V",V p? =m?

VW — V_l_W_ -+ V_W+ — VtW t
V2=2V*tV— — V2

* lorentz boosts:

V’O _ | Vs
V1—v2
V’B _ VO V3
vV 1—v2

V+=Vte¥
V’_ _ V_e_qp BLACKBOARD
Y = +1n <t

— 2 1—v

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015 26



Sudakov form factor

* what is the limit on z- integration ?
* resolvable branching ?

2
o Qo with a soft cutoff
z<1— <9 Qo
Q7 BLACKBOARD

« probability of no -radiation between Q_and Q_

A(Qz)

H(Q62L7 Qg) — A(Q2

Q d Zcut

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015



Sudakov form factors

b= 100 GeV

boo= 200 GeV

b= 100 Gy

.-'.-FF.-

b= 200 GeV

3 1 F
ﬁ JuHark
=
= o —
m il --- s m
quark
-1
10 -
' Gluon
-2 #,r“'x
10 3 /’f
rd
/
gluon
10 20
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50
p. (GeV)
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Sudakov form factors

Hannes

0.6

04

Sudakov form factor

o

15 20 25 30

gluon

P; (GeV/c)

-y
o

Figure 21. The Sudakov form factors for initial-state gluons at a hard scale of 100 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values 0f 0.3, 0.1, 0.03, 0.01, 0.001 and 0.0001.

1 — e ——— —+
5 [
E 08|
E
-E 06|
S quark: p = 100 GeV
S 04l
: -
N i
0.2:—
0_.I....I....I....I....I.
10 15 20 25 30
PZ“"(GeVic)

Figure 23. The Sudakov form factors forinitial-state quarks at a hard scale of 100 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3, 0.1 and 0.03.

N gluon: pu = 500 GeV
.En.a:—
8 i
E sl
2 T
> i
L2 oal
8 [
3 i
‘"0.2_—
0_.|....|....|....|....|.
10 15 20 25 30
pY"*"(GeV/c)

Figure 22. The Sudakov form factors for initial-state gluons at a hard scale of 500 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3, 0.1, 0.03, 0.01, 0.001 and 0.0001.
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Sudakov form factor
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Figure 24. The Sudakov form factors for initial-state quarks at a hard scale of 500 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3, 0.1 and 0.03.



Gluon from evolution

* comparison of gluon density obtained from standard solution of DGLAP with
solution using integral equation and Sudakov form factor:

* use same starting
distribution

* evolve using only gluons

* evolve with simplified gluon
splitting function

Good agreement,
given the simplifications

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015
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Solving evolution equation with Monte
Carlo
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Evolution equation and Monte Carlo

F. Hautmann, H. Jung, and S. T. Monf
ared. The CCFM uPDF evolution uPDFevolv. Eur. Phys. J., C74:3082, 2014.

s [ S [ 5 Saaer ()

= f(x,tg)A /dz/dt, B P(z)f (z,t’) 6(x — zx")da'

<

. dt/ Zmaa: _
use Sudakov:  A(¢) = exp |— dz— (2)
to

* generate t according to Sudakov

0 AJt) A [1] [*  ay -
ot A (t) ALt |t / d'zﬁp( ?)

flz,t)

dsolveit fort:  log Ag(t,t') =log R

1—e€
* generate z according to / dz— R/ dz— (2)

e use momentum sum rule for normalization

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015 32



Hannes

Evolution equation and I\/IC

= seaonio [ [ 240 00020

* solve integral equation via iteration:

fromt'to t from ¢, to t'

fO (3;-’ t) — f(fl?, to)A(t) w/o branching Ibranch'ng at t' I wlo branching

fi(z,t) = f(x,tp)A /tdfl NG /dZH f(x/z,t0)At")

Jung, QCD and MC, Lecture 3, 26. Oct 2015
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Evolution equation and MC

flz,t) =

fO(xvt) —
fl(xvt) —

f2 (.’E, t)

f(il),t) —

. t0) AL (E) + /dz/dt,-A(t)~z)f(§,t’)

* solve integral equation via iteration:

F(z,t0)A(t) + /t dt’ A NG /dz -

from t'to t
w/o branching branching at t' I

0

f(z,t0)A(t) + log —— A®A )f(z/z,%0)

f(z,tg)A(t) + log —A QAWM f(x/z,tg) +

1

to

log? A®A®A( ) f(x/z,10)

2 to

lim f,(x,t) = lim Z

n— 00 n— 00 n!

summing up all contributionup tot ...

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015

1

n

from ¢, to t'
w/o branching

f(z/z,t0)A(t)

log™ (%) A" & A f ()2 t0)

advantage of importance sampling....

34



Monte Carlo solution of evolution

updfevolv is hosted by Hepforge, IPPP Durham

« Home

updfevolv Download

« original SMALLX Download
» Tracker

o Wiki

» Contact

« Further links

« TMDIib

» TMDplotter

Hannes Jung, QCD and MC, Lecture 3, 26. Oct 2015

uPDFevolv 1.0

Main Page Related Pages | Namespaces

uPDFevolv manual

uPDFevolv is an evolution code for TMD parton densities

using the CCFM evolution equation.
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TMDIib and TMDplotter

High Energy Physics | TMD Plotter e
* combine and collect different T

ansaetze and approaCheS: Uining tPa Form below yow cas Galoulsle, 0 resl bme, vekes of mis kip) for sry o Pe ThOs You oen sheg gerersis s oompees Dioin of

wl o it p) ves 0 aed v i o) any ° e up i 4 @fieren! paros Bypea of PDIFy

http//tmd . hepforgeOrg/ and Prasse clck 0o of P bulios fo generats the scoordng lorm for P THD Protier
http://tmdplotter.desy.de [0 e Jf i e o]

> TMDlib: a library of parametrization e G 09 e ] o
of different TMDs and uPDFS (simir to e T Fop = = |

LHApd) Y r
wiineg GPDF. G LHAPDF idenifier are ::r
e [ 'y 1
POF: [ 20iaet ] o 1
TMDIib and TMDpilotter: library and plotting tools for wcaieactr [10__] T
transverse-momentum-dependent parton distributions, F. 2

Hautmann et al. arXiv 1408.3015, submitted to EPJC. vow: (oW =]

stale-tnctor 1.0
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