QCD and Collider Physics lll:

Parton Branching and Parton Showers

@ collinear factorization: resumee
@ from inclusive processes to final states
@ Kinematics of parton branching

@ collinear factorisation and DGLAP for final states
@ Sudakov form factors

@ solving DGLAP — MC example
@ some other issues of parton branching:
@ soft gluon radiation and angular ordering

@ Literature:

Ellis, Stirling, Webber: QCD and Collider Physics

Dissertori, Knowles, Schmelling: QCD - High Energy Exp and Theory
Dokshitzer, Khoze, Mueller, Troyan: Basics of perturbative QCD

http://www-h1.desy.de/~jung/qgcd_collider_physics_wise 2006
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Collinear Factorisation: qu

4 [—t § 20Q?
ME|? = 32r°(elaay) = — = k
MBE = s (o) | -+ ]
4 -1 [Q3*(1+ 22

— 3272 (fany) —
7T(6(10405)375 [z(l—z) i

@ integrate over kt generates log, BUT what is the lower limit
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Collinear Factorisation: P_

1[a t  25Q2
ME]? = 32r°(c?an,) = |= + - — =
T do as 1
S = 00¢5 5> 1 [Pag(2) + -]

- dk2 — " 1n k2

BGF BGF

» Integrate over k generates log, BUT what is the lower limit

S 2 1—
oBGE — (7062a—7T [qu(z) log (Q ;22‘ Z)> —I—]
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Collinear factorization: DGLAP

s introduce new scale 4 > x° and include soft, non-perturbative physics into
renormalised parton density:

wlet) = @)+ 22 [ L lp©p (£) + @R (%) |10s (1)

DokshitzerGribovLipatovAItareIIiParisi equatlon (take der|Vat|Ve Of the above eq)

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

dfﬁiz’?:;/ df [qz(s, P, (§)+g<s, )P, (%)]

BUT there are also gluons....

djffg’ﬁ? = as/ -« [Zqz £, 1 (g) + g(& 1?) Py (

@ DGLAP is the analgue to the beta function for running of the coupling
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Collinear factorization (part 2)

ee handbook of pQCD, chapter IV, B

1 2 2
Z [z QF H
F2(Vh) (CIZ‘, QZ) — /0 dé.cév ) <_7 9 ,LL_J;, CVS(IMQ) ® fz/h(ga :u?fa MZ)

@ Factorisation Theorem in DIS (coiins, Soper, Sterman, (1989) in Pert. QCD, ed. A.H. Mueller, Wold Scientific,
Singapore, p1.)
2> generalisation of the parton model result

» hard-scattering function Cévz) 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?«, 1?)  contains all the infrared sensitivity of cross section, and
is specific to hadron h, and depends on factorization scale. It is universal
and independent of hard scattering process.

@ Generalisation: applies to any DIS cross section defined by a sum over
hadronic final states .... but be careful what it really means....
@ explicit factorisation theorems exist for:

e diffractive DIS (... see above....)

@ Drell Yan (in hadron hadron collisions)

@ single particle inclusive cross sections (fragmentation functions)

H. Jung, QCD & Collider Physics Ill: LHC, Lecture 4 WS 06/07



Factorization is an approximation !!!

Factorization is an approximation

1 Drell-Yan cross section is NOT completely factorized!

\/’ *+ There is always soft gluon

Py _:"",* wz [ interaction between two hadrons!
A ' A < Gluon field strength is one power
more Lorentz contracted than ruler

1% (p|@(0)y w(v7)| p).

do _ £12) (2) dc}(zl 0 + ;
P A (p|F* (), ()| p)
. = (4) —
Jrisz)@if"“@dg? p@_p
0 do* -
1 [Q ] f o (p|@ () F (57 ) F, (33 )w (57| p)
= I
o'\ s
\ Pﬁ?p
Not factorized!
September 28, 2005 4 Jianwei Qiu, ISU

H. Jung, QCD & Collider Physics Ill: LHC, Lecture 4 WS 06/07



Factorization proofs and all that ...

? About factorization prOOfS (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)

VIONS F\@T, ==, (1)) (G = all Parton mavors). AILNOUgN Lhe UNaerlying pnysical 1aeas 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

matical methods involved. however, it is generall phat the attractive quark-parton model
does apply to all high energy interactionsYith at least one large energy scale.

Z_Z _ gb: / d€ / dEn 5 (Ea, 1) £l (Em, 1) d‘3jl’;(“) +0((5))

@ The problem with Drell-Yan: Pa
initial state interactions...

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

a consensus were reached.!® Because of the general chiiacter of the physical ideas and the mathe-
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Splitting functions in lowest order

q
q / quzg(ll—iz2>
})})}l—z &

g
7 41+ (1—2)
p =z ( + (1 —2) ) similarity to photon
gq — 3
q
q
q
g
g

q
N\ 1 radiation from electron
g ’ 1
17 P,, = 5 (22 + (1+ 2)2)
5 i: z 1 —=z 2z
1-7 ng:6< z +1—Z+Z(1_Z)>
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Splitting functions at higher orders

o Splitting functions have perturbative expansion in the running coupling:
87
P(z, as :P(O) z —|——SP(1) zZ)+ ...
The calculation (in a nut shell) ( ) ( ) QT ( )

— Calculate anomalous dimensions (Mellin moments of splitting functions) S. Moch, HERA-LHC workshop, June 2004
—— divergence of Feynman diagrams in dimensional reqgularization ) = 4 — 2¢

— One-loop Feynman diagrams
— in total 18 for v / P
(pencil + paper)

— Two-loop Feynman diagrams
—— in total 350 for Ti[i“ / Pi}”
(simple computer algebra)

— Three-loop Feynman diagrams
—— in total 9607 for *{i[jz} / Pi}z]
(cutting edge technology —— computer
algebra system FORM Vermaseren '89-'04)

0QuRG
Q0000

o
#

Hdung, .. . ., __



Splitting functions (cont'd)

o  Splitting functions have perturbative expansion in the running coupling:

B
F’q[p?] (x) = Znypgglx)

iy
P ()

0

2 C pan (%)
q(-ipggu] 5= .r]) L2
e 3 :

Ry (x)
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P(z,a) = PO(2) + ;‘—SP“)(Z) i
LO and NLO singlet splitting functions "

S. Moch, HERA-LHC workshop, June 2004

. w1 8 56 N
A(3) = 4Ceny (G~ ~2+ 61— 4Hy+2 [ <Ho - ?] +(1+)[Ho ~ 2Hag | )

- 201 1. 28
A = 4::“4:;,(3;—2+25.r-2pq,;(—.v1H. 10— 2pug (¥)H1 1 + 2 [?HD—T]

+4(1—x) [HD,.] —2H, +xH|] ~ 4Cpx—6Hog + 9Hp ) +4 Gy 2png ¥ [Hm+H|_L +H;

G| + 42 [Hu-—Hu_r.}—g] +2(1-)[Ho+ Hoo — 22H1 + % 2 e lHu)
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3
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- W o Bl e 3 2
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plitting functions (cont'd)

@  Splitting functions have perturbative expansion in the running coupling:

NNLO singlet splitting functions P (z,a) = PO (4 Q—P(l) + ...
T

S. Moch, HERA-LHC workshop, June 2004
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Gluon distribution at higher orders

from HERA-LHC workshop proceedings: S.I. Alekhin

@ using different
approximations to splitting <—0.0001
functions results in different =
behavior of parton <
distributions

@ observe negative gluon
distribution at small x

@ higher order corrections are
important

@ behavior at small/medium 1
Q2 changes significantly
when using higher order
corrections ....

- NLO

----- NNLO(approx)
— NNLO(prec)

1 10 10
Q’ (GeV?)
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Evolution kernels — splitting functions

1
11—z

@ some of the splitting functions are also divergent...

® use plus-distribution to avoid dangerous region:
1 1 -
/Mﬂ@:/ﬂ@fm
0 (1—2)+ 0 l—2z

@ divergence canceled by virtual corrections ...
e use splitting functions with plus-distribution

H. Jung, QCD & Collider Physics Ill: LHC, Lecture 4 WS 06/07 13



NLO contributions to F,(x,Q®)

LO NLO
0y
e
0 N
Gy

e R R
/

virtual corrections cancel
soft singularity
+ (1+2)7)

\4 (1+22
E

- )
T \T a5l

4—— Virtual corrections to QPM no soft singularity
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Solving DGLAP equations ...

» Different methods to solve integro-differential equations
? brute-force (BF) method (M. Mlyama S. Kumano CPC 94 (1996) 185)

df S (Z)m
d(;) - 1) me / f@)de =) f@)mAm,

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 gl’id N X,Q2 SPACE (M. Botie Eur.Phys.J. C14 (2000) 285-297)
CTEQ evolution program in X,Q2 SPaAcCe: http:/mwww.phys.psu.edu/~cteq/

QCDFIT program N 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

e brute-force method and MC method are best suited for detailed studies of
branching processes !!!
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Divergencies again...

@ collinear divergencies factored into renormalized parton distributions
@ what about soft divergencies ? z — 1
treated with “plus” prescription

S EE R o IR SN 1 py 60
g = [

1 — 2z ].—Z_|_ ].—Z)

@ soft divergency treated with Sudakov form factor:

A(t) = exp [ /t ar /m deg P )]

resulting in

875( ) Afzmawd—;;—;lj (2)f(x/2,1)

and

fat) =80t + [ Taor [ SoPEe/xt)
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Sudakov form factor: all loop resum...

g — 99 Splitting Fct

@ Sudakov form factor .... all loop resummation

+ e

2
[ [ p 1( //d dg 0 5y ) }
q 2m 2! q 2m
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DGLAP evolution again....

dz o

ot

z 2T

o differential form: tgf(a:,t) 2/——P+( )f

» (differential form using f/As with

z t /
max Q0 dt _
AL (1) = - dz | &2 p
0 =ew (= [ [ 2P

~

0 f(x, Z Ol z X
e fA(S(tt)) :/C,lz 2 i((t)) f(Z’t)

@ integral form
/ dz / dt’ t

flx,t) = f(x,to)A

no — branchlng probability from ¢o to ¢
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Solving integral equations

b
» Integral equation of Fredholm type: 2) = F(2) + \ / (s p
s solve it by iteration (Neumann series): ¢(@) = f(z) . (z,y)¢(y)dy

¢o(x) = f(x)
b
bi() = fl@)+A / K (z,)f (y)dy

br(x) = f(z)+ A / K (@,51)f (y1)dys + \? / / K (2,y0) K (91, y2) f (y2)dyady:

/()
b
u () = /K(w,y)f(y)dy

b b
un(z) = / / K(z,y1)K(y1,y2) - K(WYn—1,Yn) f (Yn)dyz - - - dyn
with the solution: (x) = lim gy (z) = nlgnoo;) Ao ()

H. Jung, QCD & Collider Physics Ill: LHC, Lecture 4 WS 06/07
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DGLAP re-sums leading logs...
f(a,t) = f(x,t0) A /dz/dt/- ™ f, )f (50t

@ solve integral equation via iteration:

from t'to t : , f ’
fo(xat) = f(xatO)A(t) tw/o branching | LRranching at ¢ V\r;;nbz;(;t:cz;ﬂng
dt’ A(t) dz ~
hlet) = fean+ [ T [ TP/ 0AE)
AN
Xt
z=xxy P(z)
Kﬂ,tﬂ
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DGLAP re-sums leading logs...

dt' At

f@t) = f@ma 0+ [ [ G S mper (L)

@ solve integral equation via iteration:

folz,t) = f(x,to)Alt)
fl(xat) — f(xatO)A(t)

from t'to t _
w/o branchin lbranching at '

v [ L20 [Le) s/ an)

o Z

—  F(z.to) At) + log %A o AW) F(x/2 to)

folz,t) = f(w,to)A(t)+10g%A®A(t)f(w/Z,to)+

1
2

n— oo

log? tiA 9 A AW (/2 to)
0

n— oo

0

from ¢ to t'
w/0 branching

flz,t) = lim f,(z,t) = lim Z%log" (;) A" @ A(t)f(z/z,t0)

DGLAP re-sums logt
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DGLAP evolution equation... again...

o for fixed x and C¥ chains with different branchings contribute
@ |terative procedure, spacelike parton showering

_ _ 10
a a
o) >
St e
L )
g 10 - 01
1 1
10- . l sl lU_ s sromed v suwuned s vevennd o owedl PEFITT PR BT T B, ”_ o ssomed s susmell o seusend  wsdds
3 = 3 2 = -4 -3 -2 -1 -4 -3 -2 -1
w? 10? 1w? e? 0w 1w* w? ! 0 107 107 10 0 107 07 10
X X X
x|

f(x,t) = fo(x,to)A +ka Tk, th)
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Parton showers for the initial state

spacelike (Q<0) parton shower evolution :
s gtarting from hadron (fwd evolution) X0 E
or from hard scattering (bwd evolution) {j

» select g, from Sudakov form factor Xg |
0

» select z, from splitting function X |=2Z]Xg

o

0
\

» select g,from Sudakov form factor
X 1= 1 X

»  select z, from splitting function A~ O
U

» stop evolution if q>Q,
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Parton Showers for the final state

timelike parton shower evoluton 7
s starting with hard scattering >~\

-
.'I-
¥
*
L]
-
*
L]
a®
*
L]
-*
*
L

» select q, from Sudakov form factor eV

-
*
L]
-
-
*
L
-
-
ot
L

» select z, from splitting function

L]
-t
-®
*
L]

-
-
-
-

» select g,from Sudakov form factor

-
-
-
-
-
-
-
L
"
-
-
-
-
-
-
-
-
-
-
-
-
-

» select z, from splitting function .
» stop evolution if g,<q, >‘:H:§\E\
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Parton Shower

@ Evolution equation with Sudakov form factor recovers exactly evolution
equation (with _prescription)
@ Sudakov form factor particularly suited form Monte Carlo approach
@ Sudakov form factor
=> gives probability for no-branching between g, and q
=» sums virtual contributions to all orders (via unitarity)
=>» virtual (parton loop) and
=>» real (non-resolvable) parton emissions
» need to specify scale of hard process (matrix element) Q ~ p,

» need to specify cutoff scale Q, ~ 1 GeV
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Initial state parton shower: Higgs p

@ |[nitial state parton showers generate
pt of incoming partons
0 @ Visible in pt of Higgs
@ Still in collinear factorisation
G. Davatz HERA -LHC proceedings

0.09 [T ARRERRN RN RRRRN RRRRE RARES

! - LHC 14 TeV .

! 0.08 |- . —

| - dgg —>H 1

| \ oar |- M, = 165 GeV E

: o E: --- HERWIG 6.505 + ME corr. E

: O o0 | — MCatNLO 2.31 —

: o [ ----PYTHIA 6.319 .

i < 005 [ —— CASCADE 1.2009 ]

fa | = = CTEQ5 .

0 o | :

NS % - .

__z__ 0.03 _:—___ -

0.02 ; _f

p, distribution depends on details of initial o B E

state parton shower e
2 in producing reasonable results " 6 1 20 a0 a0 s s 70 80 90 10

pTH
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Summary & Conclusion

@ Collinear factorization is powerful tool to describe soft and collinear enhanced
regions of phase space
» Beware .... factorization is only an approximation ...
o DGLAP formulation with Sudakov formfactor is exactly equivalent with Plus-
prescription
@  Sudakov form factor description has intuitive physical meaning
@ (Can be used to generate parton cascade in a probabilistic approach
@ Many details of parton branching can be studied explicitly:
@ choice of scale in alphas
@ evolution variable
o effects of soft gluon enhancement ... angular ordering

@ Parton branching and parton showering is important for proper description of
final state observables
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