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Outline of the lectures

® 10 July Intro to Monte Carlo techniques and structure of matter
° 17 July DGLAP and small x: solution with MCs

° 23 July Small x, CCFM and BFKL

° 30 July W/Z production in pp and soft gluon resummation NEW

® Lectures will be recorded and made available immediately .....

® Exercises in the afternoons: 14:00 - 16:30 in sem 1
Assistant: A. Grebenyuk

* Discussion forum online:
see link from web page or

http://www.terascale.de/research_topics/rtl_physics_analysis/monte_carlo_generators/discussion_forum/discussion_forum_lecture_:
_monte_carlos
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Requests to you ...

° If things go wrong .. lecture is too easy... too trivial ... foo
complicated, too chaotic or too boring ...

* PLEASE complain immediately |
* PLEASE ask questions any time !
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Questions from
last lecture and
last exercise ?



Recap from
last lecture ...



recap: Higher order corrections to DIS
— —< —

[ A

N VY nE

OPM OCDC oCDC BGF BGF

> lowestorder: e+q—e +q¢ Oa))
* higherorder: e+q—e¢ +q +g, e+tg—e+qg+q Oal)

® What is the dominant part of the x-section ?
® Tnvestigate full x-section of QCDC and BGF
@ dominant part comes from small fransverse momenta ...
® rewrite x-section in terms of k|
@ use small 1 limit:

do do 1 1 1
— = = —dLips|ME|?
dk 1 G- 1o FppsIME]
1 1 1 1
— ~|ME)?
(1—z)167r§+@2§| |
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recap: QCDC - contribution

4 [—t § 20Q?
ME|*? = 327°(elaas) = — = -
| | 7T(6qOéOé)3|:§ t+ §t]
4 -1 [Q?*(1 + z?)
= 327°% (elaay) =
. 7T(eqomé)Stlzl.,22 i
* integrate over kt generates fog, BUT what is the lower

limit




recap: boson gluon fusion

1[a ¢ 23Q2
M2 = 32n2 (eqaozs) 5 [?4_5_ 522 ]
102
= 32r° (egaas) TlQ—% (ZZ+(1—2)°+-)
v i

do 20 1

= i~ o -

Pyy(2) = % (22 + (1 - 2)?)

BGF BGF
* integrate over kt generates log, BUT what is the lower limit

2(1 —
07 — 3 [y oy (€02 1. ]
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Collinear factorization: DGLAP

° introduce new scale p”° > x?and include soft, non-perturbative

physics into renormalized parton density:
dg

o) = @)+ 22 [ L popn (£) +o @R (%) 10g (%)

DokshiTzerGr‘ibovLipaTovA Itarelli Par‘isi eq UC('|' |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

dflil(ozg) = ;ﬂ/ Ci? [qz(ﬁ w?) P, (%) + g(&, 1?) Pyg (%)]

BUT there are also gluons....

dg(CC, :LL2) g df L
dlog,uQ — 27‘(‘/ [Z d; 5 :LL gq (E) ‘|‘g(€7,u2)ng (
DGLAP is the analogue to the beta function for running of the

coupling
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recap: Solving DGLAP equations ...

* Different methods to solve integro-differential equations

o brute-force (BF) method . myama, s. kumano crc 94 (1996) 185)

df ( T)m+1 — J(T)m
J;(x):f() JrAxmf() /f(x)dZE:Zf(x)mAxm

e Laguer'r'e me’rhod (S. Kumano J.T. Londergan CPC 69 (1992) 373, and L. Schoeffel Nucl.Instrum.Meth.A423:439-445,1999)
@ Mellin transforms m cieck e Reya, A. Vogt Z. Phys. C48 (1990) 471)

9 QCDNUMl calculation in a gr'id in x,Q2 SPACE (M. Botje EurPhys.J.C14 (2000) 285-297)

® CTEQ evolution program in x,Q2 Space: ntp://wwwphys psuedu/~cteq/

9 QCDFIT program In X ,QZ SPACE (c. Pascaud, F. Zomer, LAL preprint LAL/94-02, H1-09/94-404 H1-09/94-
376)

> MC method using Markov chains (s. sadach, 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 !l
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recap: Divergencies again...

® collinear divergencies factored into renormalized parton
distributions s 51

* what about soft divergencies ?
treated with "plus” prescription

1 O A (R 1t}
T—z  T-z4 wnh/odu—zn‘/od (1-2)

* soft divergency treated with Sudakov form factor:

£) = exp [— / ar / o dzg P )]
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Irecap:Sudakov form factor: all loop resum

g — gg Splitting Fct

® Sudakov form factor ..

- [ [ettgre s (- f [ese) -

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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I recap: DGLAP evolution again....

* differential form: t%f(a;,t) — / dz 2P (2) f (E,t)

z 2T Z

» differential formusing f/A, with

Fmaw o, dt’ -
—exp( / dz/ %7P )

tgt gfétt)) - / dzz ;; i((zt)) / 675)

* integral form
dz [ dt’ t x
f(x,t) = f(x,tg)A / / A f(;,t)

no - bmnchmg probability from ¢, to ¢
H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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I recap: Solving in’regr'al equations

® TIntegral equation of Fredholm type: ¢(x) )+ )\/ K(x,y)o
* solve it by iteration (Neumann series):
¢. () f(z
b
b(m) = Flz)+ A / K(2,9)f(y)dy
b b b
¢ () f(w)+A/ K(w,y\)f(y\)dy\JrY/ / K (z,yv)K(yy, yv) f (yx ) dy~dyy
uo () f(z)
b
w@) = [ K@u)iwd
Up () / / K(z,y1)K(y1,y2) - K(Un—1,Yn) f(Yn)dy2 - - - dyn
with the solution: d(x) = nlgl(;lo gn(x) = nh_)rrolo Z N (x)

1=0

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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Ir'ecap: DGLAP re-sums leading logs...
fx,t) = f(2,t0)A /dzfdt’. A f s (20

* solve integral equation via iteration:

from ¢’ to ¢ - , from ¢ to ¢’
fo (x, t) = f(a: ; tO)A(t) w/0 branching branching at ¢ w/o br(}anching
t /
dt’ A(t) [ dz =
— A iy 2 At
het) = fetam+ [ T [ TP/ 0AE)
SN————

:

z=xxy P(z)
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Irecap: DGLAP re-sums leading logs...

dz [ dt! Ags(t) = x
) = fz.to) ALt 25V p (—,t’)
f@t) =t + [ F [ Per (2
* solve integral equation via iteration:
from ¢'to ¢ _ from ¢, to ¢’
f 0 ($7t> — f (xvtO)A(t) w/o branching branching at 7 w/0 broanching

hlet) = Sewan+ [ Gam [ TP/ wAr)

o Z

—  F(z.to)A(t) + log %A @A) ()2, t)

t
f2(x7t> — f(xvtO)A(t) +10g %A®A(t)f(x/zat0> +
% log? tiA 9 A® AW f(z/2 t0)
0
flz,t) = nh_)ngo fn(z,t) = nh_}ng.lo Z o log <%> A" @ A(t)f(x/z,to)
DGLAP re-sums logt to all orders !!11111111011111
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recap: DGLAP evolution equation, again

* for fixed x and @F chains with different branchings contribute
° iterative procedure, spacelike parton showering

g g
X L3
el
U]

g 10 = 2w

1k 1

10- PErH T T BT eI e T MY 10_ s ssomed o snsened o wmssead ‘“)_ s ssomeed 5 smsnisd s suueml » ousibe ‘l" . s sssned o susmeed o nossnad o owadly
- = 5 -4 -3 -2 -1 -4 -3 -2 -1
w* 10w? w? ! 10 102 107 10! 0 107 107 10 10?102 0?7
X X X

X

flz,t) = fo(z,to)A +ka Ti,tr)

9 H. Jung, QCD and MCs III, DESY - HH, 23 July 2009 17



Irecap: What is happening at small x ?

® For z— 0 onlygluon splitting function matters:

1 -2 z 1 1
o 6( . +1_Z+z( z)> 6<z + 2( z)—l—l_z)

1
P,y ~6—tfor z — 0
z

dg(z,p?) o [*dE x
dlogp? — 2m ), & 9(& 1y <E>

* evolution equaTion is then:

dg(z,p?) _as [*dE 9(€,1%) P, (E)

dlog 1? 2 f’ £
t
vg(w,t) = 222 / dlog ffg@t) with = /2
T to T

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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recap: Results from DLL approximation

@ DLL arise from taking small x limit of - 3o e b1 1
L 1)~ 2 ® —
splitting fct: w9 1) P ( \/ Pt o )
° logl/xz  from small x limit of

X

splitting fct
o logt/to from tintegration
® strong ordering in x from small x limit

— DLL result: fixed o,

XG(X,(X,0)

10

® strong ordering in 1 from small # limit
of ME... 1

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

@ gluons are coupled 1o F.... strong rise of

F,at small x: e

econsequences:
e rise continues forever ???
» what happens when too high gluon density ?

AC}

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 19



There are different
divergencies ...



Divergencies, everywhere ...

1 . e :
? p singularities in O(a,) matrix elements

= |leads to redefinition of PDFs and collinear factorization

1
1 — 2

singularities in splitting functions

= treated by virtual corrections via "+" prescription or Sudakov
°* = singularities in splitting functions

2

- treated by dedicated small x evolution equations: BFKL/CCFM

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

21



| S :
- singularities in O(a,) matrix elements

= leads to redefinition of PDFs and collinear factorization

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009



Calculating x-sections

® partonic x-section: P, ﬁﬁl‘y

d <
1 1 1
— = s 2 |M]?
dt 16w s+ Q? 3 b
: 4
@ with P,
1[a ¢t 235Q7
MP*(v*g = q7) = 327° (elaqy) = |= + — — =
MP(g e = 320 (Gaa) g |54 -

® photon-proton x-section:

do(v'p— X) 5. do(pu?, 8, ....)
dr,dcos® 9(2g, 1) dcos 6

° with t = —2F>F4(1 — cosf)

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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Jet Cross Sections in O(«x_ )

S. Schilling desy-thesis-00-040

From differential x-section
do (19 — qa) s s(Q) 22
R = K
dz dz di 2 iy g

ng(ga Q2) X

quarks a

1 /4 t 502 5002
SHOEEE ).
4\t u ut (8§ + Q?)?

2 obtain: J. Collins JHEP 0005:004,2000
do(vg — qq) 2 Oés T
=K —, X
dx dz dcos 6 Z fg(z Q")
quarks a

Py |— 1 —1+3z(1—z) |
2

1 —cos 1+ cosfb

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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BGF: LO and subtraction

_ b39q hard BGE subtracted BGE
_a . % _____
—Q?*(1 + cos0)z "> . Pl e
u = 233 Pl: : R

2 and obtain singular piece separately: p3g----

Y9 — qq) gozs Q2 5 1 1
=K
dx dy dz dcos 6 Z Ca ( Q)P )[1—C08(9+1—|-C089

d O.subtract (

quarks a

2 problem: kinematics ... avoid to subtract too much

dohard 2% Q2 r
=K i
dwdydzdcose Z fg(zaQ ) X

P(z)(1-C(~t))  Pz)(A-C(-u) 1
X{ 1 —cost i 1+ cost _§+32(1_Z)}

o with C(a) =0(Q? —a)
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BGF x-section

full BGF contribution collinear contribution
e 2
x10 ~ 119_2 C(G/) _ ®(Q o a)
% 0.14 F g o4
it x= 0.001 a x= 0.001
¥ oz 5 012 -
% X=10x % X=10 x
e L+
~a S
g oaf OP=10 GeV* g oaf 0P=10 GeV*
E
© oosf o.08 -
006 |l o It
0.04 : 0.04 :
0.02 N 002 -
0 ERTE I T T A T T I T I A AT N A A A S A N A ulll||||||||||||||||||||||||||||||||||
1 0B 06 04 02 O O0O2 04 06 08 1 1 08 06 04 02 O 02 04 06 08 1
cos & cos &

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009



Calculating x-sections

° whatis p® ?
* remember how we obtained scale dependent PDFs:

o) =0+ 522 [ fpop (£) 0 (L) + ¢ (£)] -

From S. Ellis, Lecture 2, 2003

1/Q . Ak

1/Q.

® use pt2 as scale ?

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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Divergencies, everywhere ...

1 . e :
? p singularities in O(a,) matrix elements

= |leads to redefinition of PDFs and collinear factorization

1
1 — 2

singularities in splitting functions

= treated by virtual corrections via "+" prescription or Sudakov

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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NLO contributions to F,(x,Q?)

LO NLO
0t
e
0 2 o
Gy

—
2
virtual corrections cancel f

collinear singularity

NTWM Fao =35\ 123
Nij ‘\ET qu:%(z2+(1+z)2)

¢—— Virtual corrections to QPM no collinear singularity

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 29



Virtual corrections ...

® collinear divergencies factored into renormalized parton
distributions

* what about soft divergencies? z —1
treated with "plus” prescription

1 O A (R 1t}
T—z  T-z4 wnh/odu—zn‘/od (1-2)

® soft divergency ftreated with Sudakov form factor:

s e[ [ [ g

resulting in e %%P
20 -4 o

and A fmar gy o
fat=afa) + [ Gaa [ SR e/t

z 27
H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009




Before discussing other
divergencies....
calculate x-sections ...



Calculating x-sections (QCDC)

® partonic x-section:

do 1 ‘ 2
dt 167T8—|—Q2
* with
4 5 2007
IM|*(v*q — qg9) = 32n° (e o) 3 [ ~ 7 + ;;2

® photon-proton x-section:

do(v'p —X) o do(p?, 8, ....)

> with ¢ =zP™*

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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What happens at small pt ?

Blackboard

* soft gluon resummation

* sudakov effects:
@ probability for no radiation of any soft gluon at fixed scales is very small

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 33



Small pt in heavy quark prod.

? COmpGr‘e f |xed NLO Frixione et al, hep-ph/035252

calculation of top . P (GeV) 5
: : T A — ——— 2 ———
production with L | |

resummed calculation

10l

Solid: MC@NLO .1
Dashed: Herwig '
Dotted: NLO

from Monte Carlo
® Similar effects at

o 100 -
small pt are observed: &
: &
Suppression of E - -

xsection at small pt

7

* At large pt,

L
"

1500

1000

resummation is too % 2000 B
Pr (GeV) E
small, NLO is better 10~3 L
log(P5"/GeV)

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 34



Transverse Momentum of W/Z

Fred Olness, CTEQ

The complete P spectrum for the W boson summerschool 2003
= i .
(50 Perturbative contributions
120 i J+pc:-\-ﬂ.=e1'corrections
[
&
J
100
e

The full P spectrum 80
for the W-boson
showing the different 50

theoretical regions

40

0%

Perturbative
physics dominates

pp— (WT - ev,)X
CTEQ6M

Nonperturbative
dynamics ("intrinsic ks ")

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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I Inconsistency: example from HERA

Yo . ,,(4,4‘(‘

+PS —»

q

E g
e

* Collinear approach: incoming/outgoing partons are on mass shell
(v+q)¥=q' °,-Q°+xys=0= x=Q?/(ys)
* BUT final state radiation:

(v*q)=q' %, -Q*+xys=m’=> x= (Q*+m’)/(ys) Blackboard
>  AND initial state radiation:

(v+q)’=q"*,-Q%+xys+q°=0=> x=(Q*q*)/(ys)
@ Collinear approach: q' > = q° = 0, order by order .....
@ NLO corrections... better treatment of kinematics... but still not all....

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 36




Can one do better ?



Define:

Zi:q,q(Ei — Pz l)

Pqq

Need for uPDFs

_ Pag

Ly =

® parton kinematics

2yke

q

= parton model

(1/GeV)
o

—
o
o

1/N dN/dp,ce
&

—
o

—
o
'
B
—
Q
~

]
(4]

—
o
o
014
d;
o
d;
(3]

20

pee (GeV)
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ki

1/N dN/dx
=

-t
o
|

10

10

10 L

';(b)

J. Collins, H. Jung, hep-ph/0508280

= parton model

_

0 02 04 06 08 1

%
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Define: »Prqq

Zi:q,q(Ei — Pz Z)

Ty = 2y,

® parton kinematics
* uPDFs

Need for uPDFs

2 ~———  parton model 5
O 4 - uPDF 2
_ Z10 ;
- Q
- p q DQ.“ 2 ] -
- S10
- = L
q z 3 .,
=10 ",
k-
-4 i
10 (@) 9
':'.-1.-
106 | | A
0 5 10 15 20
pee (GeV)
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- Y
o

-t
o
|

10
10

10 L

. Collins, H. Jung, hep-ph/0508280

= parton model
..... uPDF
L (b) !
| | | | ,‘
02 04 06 038 1
X
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Define: PTqq

Zi:q,q(Ei — Pz Z)

Need for uPDFs

Ly =

* uPDFs

* full kinematics

2ybe
¢ parton kinematics

Pag

q

1/N dN/dp,ee (1/GeV)
© © o o

—
o

1/N dN/dpce (1/GeV)
> o °

-
o

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

-
o
1

J. Collins, H. Jung, hep-ph/0508280

- ™
=== parton model 1’; = parton model
I . uPDF > FT S——
T 10 |
<
2 LS - 2oF
", 10 |
-3 n 3l
..'l.' 10 L
e
=4 " -4
(a) s L (b) !
M, 10 ,‘
= | | L 10 ad | | | |
0 5 10 15 20 0 0.2 06 038 1
p;ce (GeV) X,
=~
X
B
AF =eees uPDF b-d AF  emeas
- o full kinematics ; 10 SRR full kinematics
2 " = of
- 10 [ I
E I‘I'H- E s
- h - o
-3 e 3t P
= h, 10 = rs
%y F 3
4t P 4 f H
- (€) e 10 | @ =
N *!_'1545_-{ E 5:
SL \ \ | 10'5’ \ L&
0 5 10 15 20 0 0.2 06 038 1
pec (GeV) X,
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Need for uPDFs

10

10

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

1 —x 0 F

10

10 L

10
10
10
10

10 L

E
3 "-_. ----- uPDF
= l-.-
= .“'. -
“, 10
B vei, -
 H _
[ '-l-.-. - .
- - | 10
0 2 3 4
kt/mcc
z -
10
10
g 10
¥ 10
i
- | | 10
0 5 10 15 20 25

Vx*m, /k,

=10

10

10 |

J. Collins, H. Jung, hep-ph/0508280

0 5 10 15 20 2

rem "t
f:
e
Thgg gz | 3
0 25 50 75 100 125 1
m,., (GeV)

41



Need for uPDFs

J. Collins, H. Jung, hep-ph/0508280

2
2 ki =
k p— —1— 10- full kinematics
— .
2 2 10 :
2 kj_ mrem i
S e S =
— & 1 f
10
10 :

m__ /k

rem 't

10
10 [
10

10 k52

10 L

0 25 50 75 100 125 1!

Blackboard g/l m,,., (Gev)
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Solving evolution equation
with Monte Carlo



I Evolution equation and Monte Carlo

f(z,t) = fl@,to)A /dzfdt/- A t P(2)f (2.

* solve integral equation via iteration:

fo(z,t) = f(z,t0)A(t)

. dt [Fmes
® generate taccording to Sudakov A(to,t) = exp [— / / dz— }
to
log Ag(to,t) =log R
= solve it for t

dAz(to,t) 1 dt’ [Fmes
o A(to,t)z exp [— /0 / dz— )]

® generate z according to

1—e€
/ dz— R/ dz—

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 44




I Evolution equation and Monte Carlo

f(z,t) = f(z,t0)A /d'z/dt/- ™ f, (;,t’)

* solve integral equation via iteration:

from ¢’ to ¢ - , from ¢ to ¢’
fo (ac, t) = f(a: ; tO)A(t) w/0 branching branching at ¢ w/o br(}anching
t /
dt’ A(t) [ dz -~
— A iy 2 At
het) = feam+ [ T [ TP/ 0AE)
SN————

:

z=xxy P(z)

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009



I Evolution equation and Monte Carlo

fla,t) =

Fz.to) A /dz/dt’. St )f(g,t’)

* solve integral equation via iteration:

fo(il?,t)
fl(ma t)

f2(337t>

flx;t)

from ¢'to ¢ : ' r———
f (ZE 3 tO ) A(t) w/0 branching branchmg at ¢t 0

w/o branching

fatwa® + [ Tas [ TR e/ 0a)

f(a,to) A(t) + log%m A() (22, o)

(2, ) A(t) + log iA & A1) F(z) 2, to) +

1
2log —A®A®A() (z/z,to)

lim f,(x,t) = lim Z—log (%) A" @ A(t)f(x/z,to)

n—oo ’I’L—>OO

summing up all contribution up to t... advantage of importance sampling....
H. Jung, QCD and MCs III , DESY - HH, 23 July 2009
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Including kinematic effects
into evolution ?



Approximations so far ....

® Only inclusive quantities were considered:

® nothing was said about "real” emissions or gluons or quarks although
implicitly assumed....

® in deriving DGLAP splitting functions we assumed: t< s

. M p —FL
- 1—2
E ® neglect tin previous branchings
R to < tp Kty < lg-- < p
Xp,t, ® strong ordering condition
LSRLE! ® strong ordering: neglect all
O *o-to | kinematics of previous

branchings...
® ordering in x
o > 1 > Lo > I3

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 48



I Better treatment including kt .

* start from integral ZQUGTIOH

a0 = f@ QoA + [ € [ L0 2D by p(2.4)

7-‘-q/2 q/

® use un-integrated pdfs: A(zx,k,q)
2 /
r Az, ki,q) = zAo(z,ki)A /dz/d Blackboard
D L / /
As(g, f(¢)P(2,¢',k1)© )ZA(;,kL,q)

because of phi integration: define updf:

2
= i — il rg(z, Q) = / d:LCUA(CCJﬂ,Q)@(Q — k1)

® same as before.... but included explicitly dependence on transverse
momentum k. in addition to evolution scale ¢

* what are the ordering constraints f@')  and ©(0) 2

* what is the splitting function?
H. Jung, QCD and MCs III , DESY - HH, 23 July 2009 49



Divergencies, everywhere ...

1 . e :
? p singularities in O(a,) matrix elements

= |leads to redefinition of PDFs and collinear factorization

1
‘1T singularities in splitting functions

= treated by virtual corrections via "+" prescription or Sudakov

1

E . singularities in splitting functions

- treated by dedicated small x evolution equations: BFKL/CCFM

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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I Kinematic regions: new evolution ..

* DGLAP:
strong ordering in t a1/
* DLL:
strong ordering in t
strong ordering in x
® what happens if strong
ordering relaxed ?

@ Buaiitski FadinKur‘aevLipatov evolution
E. Kuraev, L. Lipatov, V.Fadin, Sov. Phys. JETP 44
(1976),443., E. Kuraev, L. Lipatov, V. Fadin, Sov. Phys.
JETP45,(1977),199., Y. Balitskii, L. Lipatov, Sov. J. Nuc
Phys. 28,(1978), 822.

? Ca'raniCiafaloniFioraniMarchesini CVOIUTiOYI

M. Ciafaloni, Nucl. Phys. B 296,(1988),49. S. Catani, F.
Fiorani, 6. Marchesini, Phys. Lett. B 234, (1990), 339, S.
Catani, F. Fiorani, 6. Marchesini, Nucl. Phys. B 336,
(1990),18, 6. Marchesini, Nucl. Phys. B 445, (1995), 49.

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

L, L K K

A

BFKL Q2> t,--->t; >t
4 rLxy, a1
DLL
Q? > t, >t >t
-
DGLAP
i P
Ql logQ*
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Approximations to higher orders ...

i

gluon bremsstrahlung

11 kg"mg "
k2 s %/z

collinear approximation “small x” approximation

I
e collinear factorization | i
: kt factorization

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

DGLAP
® collinear singularities

factorized in pdf
° evolutioninQ? ~ k2, or k2 or ?

_, Ozao/iz a2 ) fal(z, Q%)

BFKL

» k, dependent pdf -
unintegrated pdf

® evolution in x

0—/—d2kta

ki) F (2, k)
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I Approximations: Double Leading Log

@ Recover DLL:

}lit R dag 1

a use ng% — ;
X/z

» .y =
. ke =k +q As — 1
® Obtain from: ) — O(k: — ky)
d2 /
cA(x,k1,q) = xAo(x,kiL)A /dz/
- X
Al f(@)P (24 k1)O ZA(;,k;,q')

previous result in Double Leading Log approximation (upon integration

over kt) ¢
ooty =22 [Carogt' [ Eegte.t)

H. Jung, QCD and MCs III , DESY - HH, 23 July 2009 53



Approximations: BFKL

° At small z, divergency of gluon splitting function:

1
ng’\’;

* analogy with large z divergency:
® cancelled by virtual corrections

2

Eals

9
X/z

for ki ~ k;
qr — 0

but still z small
parallel to & k'

® similar to Sudakov, but NOW at small x .... "non" Sudakov (or Regge

form factor)
H. Jung, QCD and MCs III, DESY - HH, 23 July 2009
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I Non-Sudakov form factor: all loop re-sum...

g—499 Splitting Fct
® Non - Sudakov form factor .... all loop resummation

B 1 dZ’ d 2
Ans = exp [—Oés(ktz)/ — / q%@(kt —q)O(q — Mo)]
0

dz' [ dg? S| dz'
_ (2 1. (k2) | &£
Ans =1+ (~an) [ T [) 45 (ad) [

+ B + e +

1
z

_ _ k? 1 [/ 2\ \”
Oés(kt) —+ aslog(z)log — -+ 5 aslog(z)log —5 —+ ..

o

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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BFKL equation

J. Kwiecinski, A. Martin, P. Sutton PRD 52 (1995) 1445
® Non-Sudakov form factor screens 1/z singularity,
..... as the Sudakov does for 1/(1-2)

Ame = exp(—an [ [ Zogz — 2o - 12)
(o [ / )

= exp (as log z log ) it
Ko

2
k x/z
k¢

e
= 2% with w = aslog —
T
d2q/
wq'? %

cA(x, ki,q) = on(x,kL)+/anzzw/

> hereuse: k, =k, +q

X

- k, /)
A (Z y R ,4
* recursive equation for BFKL, solve it numerically with iteration...

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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small x: BFKL/DLL comparison

relaxing strong ordering of

virtualities gives fast increase of o
rom KMS, PRD 52 (1995) 1445
T T T TTTrT T T IIIII'I T T T TTTIT

gluon at small x o T . g
BFKL gluon increases even faster : — BFKL
B «- DLL

than with DLL L
instead of increasing virtualities....
perform a random walk ...
increasing or decreasing
transverse momentum...

can even reach non-perturbative
region ... need cutoff normally set
to1lGeV ..

but result depends on non-

perturbative input....

H. Jung, QCD and MCs III , DESY - HH, 23 July 2009 57



I forward jet production and BFKL

* DIS and forward jeft:
1.7 < Njet < 2.8

Tjet > 0.035
P ;
X b Xp; small 05 < % <5
Q2
o(fwd jet)/o(DIS) ~ 1%
evolution
from large
to small X
Aim 1s to investigate and
‘forward’ jet . Jarge test small x evplut.lon
J Supress contribution
p from known DGLAP
region of phase space

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009



forward jet production

—_ — 50
g 480 | a) Prja = 35 GeV g 480 F b) Py = 35 GeV
5 MOF ® Hi 1094 Data 5 MOF
5 FE RAPGAP206 | & LO BFKL
300 £ LOCMC 1.0 30 - NLO {DISENT}
£ LEFTO 65
250 e oe B
Xy small Ey ARIADNE 4.08
200 F " 20
150 - 150 -
0o - 0 f
evolution 50 R s0F° )
from]arge n:llllllllllllll [ T | n-luuu i I I I |
0,001 0.002 0003 0004 0.001 o002 0.003 0.004
to small x x x
S 2E ) Pyja > 5.0 GeV T WE Prjer = 5.0 GeV
forward’ jet % large x 0F x W
J = 175k -~ 175 E
3 g 3 £
180
125 £
100 -
75 E
mz_ i'----“-"-\.
.
u :I L 1 I 1 L 1 1 I 1 L 1 1 I 1 1 1 1

0.001 0.002 0003 0.004

®* DIS and forward jeft:
1.7 < Njet < 2.8

Zjes > 0.035 > BFKL evolution closer to

data
* DGLAP/NLO too small

2
Pz jget
Q2

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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Mueller-Navelet jets

-

(Y

\
® Require large 1 separation
* similar p:

° |ook at® decorrelation

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

1/0 doldA¢
e

[

=
&

14

1.2

0.6

04

in pp

Q>5 GeV,R=1
| BFKL NLL S4

08 - .-

—_An=6
... An =8
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Can one do even better...
matching small and large x ?

Reconsider ordering
conditions



Angular ordering in QED

+
@ @assume QED Ellis, Webber, Stirling, p 180 €
Dokshitzer,Khoze p 92

* use light-cone vectors:
p = (Hp,0)=(p",0,0) Kk
B 2 )
P (= aptp T k) = (= AT g k) P e
k1
k= (Zp+,k_,k¢)=(2p+»”ﬁah)
® use energy imbalance: 12
AE ~ — = zptO?
zpt 7

® define transverse wavelength:
ki = kOcy = 2!
® from uncertainty principle: Ap_ AL
= 6.

AL
o.,

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 62

» during Ate’e pair has travelled a distance: pf ¢ = AzAt ~ O+



Angular ordering in QED

+ .
c Ellis,Webber,Stirling, p 180
Dokshitzer,Khoze p 92

® photon emissions allowed for:
for @%e < @€+76—

* pradiation strongly suppressed for:
for @%e > @€+’e—

= since photon cannot resolve any structure of e'e pair

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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Angular ordering and color coherence

Dokshitzer,Khoze p 92

_I_ —
P k

¥

P> q
® gluon emissions are allowed

oft qdi for @kq1 < @CI17QQ
off q2 for @qu < @CI17C]2
off parent g for Ok, > Oy, 4,

 calculations done explicitly in Ellis,Stirling & Webber

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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CataniCiafaloniFior'aniMar'chesini eVOIUtion

DPti — q? sin @z 2(1 — Z)Ei—l@i
== ~ E;_10;

with: g; =2
_ 49i4
@i—|—1 — "E,;

® Apply color coherence in form of angular ordering

qd > ZnGn,qn > Zn—1Gn—1, -, q1 > Qo
® true angular ordering (in terms of rescaled momentum):

qdi > Zi—14i—1

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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"semi-angular” ordering and uPDF

10%

one-loop u=4.0 GeV

k’=10 GeV>

.
xﬂ‘(x!kﬁsuz}

standard DGLAP evolution
from small to large scale :

to <t K tg L tg--- << p?

@ strong ordering:
neglect all kinematics of

previous branchings... ¥
= _
® at hard scattering, parfon %t
have a transverse 10 1
momentum: uPDF 10 -::_ x=0.0001
3
L r—— [ -
10 1 10 10 1 10 1
2 - 2 GeV GeV
[ Pt b =iy e

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 66



CataniCiafaloniFior'aniMar'chesini eVOIUtion

(j > Zndn, dn > fn—14n.y -5 41 > QO

with:
p(z,q, B — &S(ci(l_; z)) N as (kt)
gives:
cA(x,k1,q) = xAo(x,k1)As(q) +

integration much more complicated due to angular constraints

H. Jung, QCD and MCs III , DESY - HH, 23 July 2009 67



I Non-Sudakov form factor: all loop re-sum...

g — gg 5p|l1"|'lﬂ9 Fct P(Z) _ Qs
1—2
® Non - Sudakov form factor .... all loop resummation

Ans—eXP[ as(k?) / 4z’ /—@ (ke — @(q_Z/Qt)}

)
s (oS o] )

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009 68



updf: CCFM - 1lloop

* all uPDFs describe

HERA measurements

» different intrinsic kt

distributions
° different splitting
functions

H. Jung, QCD and MCs III,6 DESY - HH, ¢s guly cuuy

XA(x,k2u%)

xA(x, K1)

10 %

10

ccfm AO u=4.0 GeV
ccfm jets u=4.0 GeV

10

k3=10 GeV?

one-loop u=4.0 GeV

10

-2 -1

X

x=0.0001

ccfm AO u=4.0 GeV
ccfm jets u=4.0 GeV

10
k2 (GeV?)

10 1



Comparison: CCFM and BFKL

Fig. 10
o 10°
=
CCFM
------------ BFKL
103
LN\ Q%= 10" GeV?
104
Yl Q%= 4 CeV?
110'5 107" T 1072 107" 1
® similar behavior X

@ BFKL indep. of Q2, effect
comes from integration over
uPDF

e details are dlf’ge

Jung, QCD and MCs IIT, DE HH 23 July 2009

J. Kwiecinski, A. Martin, P. Sutton PRD 52 (1005) 1445

oOF

Fig. 9 ~ Ologl/zx

CCFM

U -

* Advantage of CCFM: ‘

® attempt to describe emissions
@ unified for small and large x
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How to calculate x-sections
then ?



k,-factorization

* use high energy (kt -) factorization:

(Catani,Ciafaloni, Hautmann NPB 366 (1991) 135,
Gribov, Levin, Ryskin, Phys. Rep.100 ,(1983),1,
Collins, Ellis, NPB 360 ,(1991) ,3)

d dr o _ _
U(ep — e/QQ) — / gdeQ—g d2kt0_(57 ktaQ)ng(xga ktaQ)

Lg

@ with Q2
dzktxg.A(a:g, ki, q) ~ x4,G(z4, Q2)

o t-channel gluon with virtuality k> = —k7  dominates the

process in the high energy limit s> s
* collinear limit obtained by: 5(5,0,Q) - ©(Q — k)
o BUT k. -factorization is proven only for small x ...

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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“"off-shell’ matrix elements

kTé P 5

* calculation using standard Feynman ruleik, Pz kg

M(’}/g N CE) _ ﬂ(pc) (/é’y (/f)c_ /k’}’ +m) /ég + /ég (4{%— /kg +m) /éW) u(p5>

. . . . o i 40 Q2= 0.01 GeVz
° use high-energy polarization projectics . f  mesgev o= 100aev:
co Q2= 100 GeV=
L - Q2= 1000 GeV=2
GV — Ferv — & gk’lfjg > 5
— €g — 25 -
! et g]° :

® ME is finite for £, — 0 TZ .
o ME has tail to large A, 10

3 2 2 3
10 10 10 1 10 10 10

2 2
H. Jung, QCD and MCs III , DESY - HH, 23 July 2009 Ki(GeVh .



Dijets and uPDFs: azimuthal correlations

/ M. Hansson (Lund)

] & 2 [ 8x10°<xg <310
E - @ H1 data (prel.) ir.!
Fr o 1 0° = — Cascade (New Fit) E
i 3 F — NLO 3-jet —o— :
e £ [ N 24et =
:Q- pr———
\Ib 10 = —
'U E o v > S, < E
o - ]
= n ¢ ! :
\ 2 -
s N
a I ..
X o 1 ¢ ; ® :!I—O—
| e —— I
< N

A¢* (de
> CCFM can better than NLO describe data

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009



I Comparison of angular orderings ...

® compare angular ordering versus semi angular-ordering (qt ordering

at small x)
—~ 107
2 :
a - —— CASCADE ® ZEUS } i
= 108} HERWIC2 —e—t preriieres, -
= : : ;
'ﬂ -
X 10° | —e— - - - —
X E
5 10* * : —
© - * _________ i | s
103F _ oo
102} 1.710% <x <310 [ 310%<x<510% | 510 <x<110°

-t
N

(theo-dat)/dat

1.2 . | | | I ] | | |

Adp Ag Ad

H. Jung, QCD and MCs LLL , DESY - HH, £3 July 2009 75



forward jet production

evolution
from large
to small x

forward’ jet et large

DIS and forward jet:
1.7 < Njet < 2.8

Zjer > 0.035

2
Pz jet
Q2

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

0.5 < <9

H1 forward jet data

=) H1
5 1000 E. scale uncert
= — CASCADE set-1
5 ----CASCADE set-2
g
O
O
500 |-
- — b)
e
| | &
0.001 0.002 0.003 0.004
xBj

CASCADE (CCFM) evolution

closer to data
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forward jet production

evolution
from large
to small x

forward’ jet et large

DIS and forward jet:
1.7 < Njet < 2.8

Zjet > 0.035

2
Pz jet
Q2

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

0.5 < <9

H1 forward jet data

=) H1
c 1000 +
~ % E scale uncert
=
> — NLO DISENT 1+58,,p
A 0.501, (<, <2, ¢
@) PDF uncert.
O
—o— === LO DISENT
500 I~ 1+3,4p
S=—=
o a)

0.001 0.002 0.003 0.004

Xg;

> "NLO” too low
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I High energy behavior of x section

10

10

af{y*p)lub]

-
B

| ¢

LI
ZEUS
H1
low energy »p

TTTT]
S0 NMC
O Slac
O BCOMS

T TTTT]
= EBSH Q%(GeV)

| I — L——
- Al MAST T

10

100

1000
W IGeV’]

10000

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009

100000

From H. Abramowicz A. Levy hep-ph/9712415

412y

o(v'p) = oE Fy(z, Q%)

LS P
Q2
T W24 Q2

® rising x-section with W?

T

* at large energies can
become larger than otot

* mechanism needed which
tames rise at large
energies

= saturation lll
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Parton Distribution Functions

0
° number of gluons in long. phase  F..f 1 ror 2000
5

space dz/z : xg(x,p’)de/x 5 Q=10 GV

0.7

® occupation area: "

0.5

nr of gluons x (trans size)?

g(w,ﬁ)% _
® saturation starts whenm— //
aSIL(LgLQ)xg(x’“2)i_x > 1R2 o X e & '1'0'_
* gluon density is very large:~ 90 or 45 Gluons I
@ with R ~ 1 GeV!we obtain: 10G()j/_1 100 ~o ! ! ! ! !

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009




I Parton evolution: gluon density

-,

® Gluon splitting and evolution

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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Parton evolution: gluon density

® Gluon splitting and evolution “LLH’H
® High density of gluons

= overlapping gluons

= recombination

2 multiple scatterings
2 diffraction !l
* evolution equation including
recombination effects:
fla, k%) = {2z, k") + K @ f — —K2 ® f

@ GribovLevinRyskin equation (Phys.Rep. 100
1(1983))
@ BalitskyKovchegov equation  (NPB 463, 99

(1996), PRD 60 (1999) 034008, D62 (2000)
074018)

H. Jung, QCD and MCs III,6 DESY - HH, 23 July 2009
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