CASCADE/CCFM predictions

and heavy gquark data
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basics, factorisation and all that ...

CCFM equation, solution, new hadron level MC CASCADE
one-loop (DGLAP) - all loops (CCFM)

new fits to F5 - new unintegrated gluon densities

predict heavy quark production )
at HERA, Tevatron and at LEP (yy — bb) ???

some ideas to measure unintegrated partons
conclusion
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Basic idea - Collinear factorization

DGLAP

BGF matrix element
on mass shell

evolution of parton cascade

q - ordered 8 T oo cwow
with DGLAP splitting fct. S 1l
P(z,q, k) = @, (1:2 + %) |
O \ 2’ 10 E)one—lg'c% Q;'PGeV X
initial distribution: steep %
p
olep — €'qq) = [ Ld*QF26(5,0,Q) [ dkezg A(zg, ki, 7)

with [ d*kizg A(zg, ki, @) = 24G(zg, Q7)
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Basic idea - Collinear factorization

J.C. CO”iﬂS, X. ZU sHeP 06 (2002) 018
DGLAP on shell matrix element

ﬁ// is only assumption without
proof

( \ ' ical 11
h \ BGF matrix element and is unphysical !!!

and not necessary for proof
o on mass shell o
e 2 of factorization !!!
‘\ NI

Naanh evolution of parton cascade
\\\ ¢ P

q - Ordered 6’? 107 __one-loop  Q=10GeV
with DGLAP splitting fct. S 1l
P(z,q, k) = @, (1:2 + %) |

10 éj PECRTTIT BETERTTTT | :’..uml PEEET T

1 E)one—lg'c% Q;'pGeV X

Initial distribution: steep

U(ep — e’QQ) — f f d2kt dy_dedeg 6-(§7 kt) Q)ng(xgh kta q_)

Lg
A?

with fd2ktng(xg, ke, q) = ng(ZUg,QQ)
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Basic idea - k; factorization

h ~ BGF matrix element

5

—JS(CCFM) Q=10GeV

evolution of parton cascade

\N

\ initial distribution:

olep = €'qq) = [ L QT2 [ ki85 (3, ke, Q)zgA(zg, ke, )
with [ kg A(zg, kt,q) =~ £,G(xg, Q)
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Basic idea - k; factorization

CCFM

CCFM I

®» angular ordering

. (instead of ¢; ordering)
BGF matrix element

off mass shell #® Aps (non - Sudakov)

—JS(CCFM) Q=10GeV

evolution of parton cascade
with CCFM splitting fct.

P = oF <1iz + %Ans T )

—JS(CCFM) Q=1GeV

o
’ \» initial distribution: flat ? o

a(ep — e’QQ) — f d?’yd2c2d;_ggf d2kta-(§7 kta Q)ng(xSH kt) q_)
with [ d*kixg A(zg, ke, q) = 1,G(xg,Q°)
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CataniCiafaloni Fiorani Marchesini (1988 = 1990)

®» including color coherence effects in multi-gluon emissions
$» angular ordering of emission angles:

® ordering in g (DGLAP) implies also angular ordering
® unification of DGLAP and BFKL

0 WOW

for small z no restriction in ¢: 1 random walk In ¢
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CataniCiafaloni Fiorani Marchesini (1988 = 1990)

®» including color coherence effects in multi-gluon emissions
$» angular ordering of emission angles:

INn lab. frame

;41 > O;

with ¢ ="

® ordering in g (DGLAP) implies also angular ordering
® unification of DGLAP and BFKL

0 WOW

for small z no restriction in ¢: 1 random walk In ¢

Heavy Quark Physics at the upraded HERA Collider, Weizmann Institute, 19-22 Oct 2003 — p.4



CCFM equation: small and large «

./4(33, kta q_) — -/40(337 kt)As(q_a QO)—l_
[ & [ £20(7— 2q) - AT, 20) P (2, 4. ) A (2, K}, q)

CCFM Splitting fct:  P(z, q, k) = 2240=2) | s Ap (5 0 k)
Sudakov Ag(a,b):

1—z
probablility for no radiation in |a, b]

‘ angular ordering: ¢ > 2nGn, @n > Zn—1Gn, s ---, q1 > Qo |

small @ /

[J BFKL limit (z — 0)
[1 angular ordering
— NO restriction on g;

large @ \

[0 DGLAP limit (z > 0)
0 DGLAP splitting fct P with Aps = 1
[1 angular ordering — ¢; ordering
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Advantage of CCFM: parton emissions

[1/GeV]

DGLAP or BFKL 2N

only inclusive predictions ?0 A

no info on emitted partons I l I

CCFM treats explicitely: o 15 20 25
k, [GeV]

partons emitted during cascad
color coherence
energy momentum consep¥ation

best to implement in generator 3
compare evolution and MC o
CASCADE MC generator ol

|
0 5 10 15 20 25
q, [GeV]

evolution - MC parton shower comparison
never shown for DGLAP type MC’s!!!
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The Monte Carlo Generator CASCADE

CCFM backward evolution implemented in MC generator

CAS CA D E (http://lwww.quark.lu.se/ hannes/cascade)

Initial state CCFM cascade with strict angular ordering

e

off-shell hard scattering processes:

vg* = qd, v*g* = QQ, vg* = J/vg, 77 = QQ

g*g* = qq, 99" — QQ, g*g* = h

P-remnant treatment like in PYTHIA (g-di-q, primordial k;)

" =

final state parton showers added to quarks
hadronization via JETSET/PYTHIA

CASCADE is MC implementation of CCFM
for ep, ee, vy and also for pp
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xG(x,Q)

=
| pr————

10 ottt ] it

DGLAP unintegrated gluon density

- Integrated -

__oneloop Q=1GeV

GRV 98 NLO MSBAR

Q=4 GeV

one-loop gluon integrated over k;
q 31.2 _ _
f() dkt CCA(IIZ, kta Q) — IIJG(,”IZ, Q)

[0 compare to evolved DGLAP gluon

=
T pr————

one-loop gluon:

e at starting scale use GRV
e full treatment of kinematics

e good agreement with full splitting fct
but also with P = a. (1; + 1)

z

e evolution machinery works perfectly
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Non-Sudakov and all - loop resummation

Splitting Fct: P = dalg=2)) | @Ans(z,q, k)

1—=2
Non - Sudakov form factor [ all loop resummation:

Ans = exp [ s (k?) 1 dz f de’ g O(k: — q)O(q — z’qt)]

a1+ (k) [ 1)+ 5 (i £1%)'
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Non-Sudakov and all - loop resummation

Splitting Fct: P = dalg=2)) | @Ans(z,q, k)

1—z

Non - Sudakov form factor [ all loop resummation:
Ans = exp [ s (k?) 1 dz f de’ g O(k: — q)O(q — z’qt)]

a1+ (k) [ 1)+ 5 (i £1%)'




Structure Function Fy(x, Q?)

together with G.P. Salam, EPJC 19, 351 (2001)

With o = [ dk2dz g A(z,, k2, Q)0 (v g* — qq) fit Fo(z, Q?)

(data from H1 Coll, NPB 470 (1996) 3.)

Parameters in fit e i i i I
(fitted forQ2.> 5Gev?, @ < 1077) 175 @*=1.5 - =25 - Q=35 - @=5 | @’=6.5
» collinear cut-off 15[ — cAsoacE - - -
125 - - - ~ -
Q = L GeV I TN AN
0.75 |- = - - ~
#® initial gluon z.A,(z, k2) L T T i i
® freezing of a,(k;) for AT i T
kt — 0 1172: Q:8A5: Q*=12 : Q*=15 : :
k. not constrained ... 15 - - - -
» light quark masses: % | v « L i
mg = 0.250 GeV, o= § i i i
2287 = = =
mc — ]..5 GeV 2~ — — —
175 - - - - Q’=90
15|~ = - -
unintegrated gluon density B i i I
v Az, k?,q) °§Zj - - -
obtained from fit to F, ) . ]
101010 °10 210 10 1010 10 °10 10 %10 *10 10 10 10 %10 *10 10 *10 -

X
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New fit: small k; - region

® use H1 + ZEUS F; data (from 94
and 96-97) 10

® fit for z < 0.005 Q2 > 4.5 GeV? N ——— 3
® fit ), and normalization ; 07f ““"D:Qo\

in initial pdf 2z 4o = N(1 — z)4 10 “F _ 52001

gq= 10 GeV

107 kf=p.5 Gev’ k=1 Gev® k=10 Gev?
Treatment of soft region 0™
no k; ordering 0 diffusion into soft " L o e
e what about «; for k; < k£*t in 10*10° 107107 10*10°10% 10" 0% 10° 0% 10" 1
[0 saturation of x-section for k; < kf** Lo . . ~
S 18
<>E: 16 F k2=p.5 GeV? k=1 GeV? k2=10 GeV?
_ X 14}
What is soft? o 12F— K59
e JS2001 kUt > 0.25 GeV 0 1}
08 F
t ~ [
similar to saturation scale Q, ~ 1 GeV [ 04
& 02fF . ) ) ) ) . . .
10 1010?10 11010 °10 %10 " 10 *10 %10 %10 1
X X X
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New fit: full splitting function

°

Improve splitting function

— ]_ 1 N’-\
9o ngNCYS (;AHS+ 1—2) %
. . N—‘C
[] to include non-singular terms < \
l . o 1 3:’ | — full splitting
zAnS 2+ Z(l z> + 1—=2 X 10 —_ Js2001
? '? 7 107 k2=0.5 GeV? k?=1 GeV? k2=10 GeV
-4
» new 10
_ = (1—2) z(1—-=2) 10 ’
P_as( 2 + 2 Ans 0% 107 10" 10° 107 10' 100 107 10t 1
_ X X X
ta, (1% + 2052 . 2
z S 18F — full splitting
)
» need also new Sudakov < 16 2=0.5 Gev? K2=1 Gev? K?=10 Gev?
» new non-Sudakov N%
Nx
- ><n
[0  gluon pdfs are different X \
X
[1  effect of non-sing. terms visible J A SR — — M
107107107 107107107 10° 102 107 1
X X X
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Precision fits to F,(x, Q?)

With o = [ dkidz,A(z,, ki, q)o(v*g* — qq) fit Fa(z, Q?)

$» more precise data:

H1 nes 470 (1996) 3., EPJ 21 (2001) 331. LLN
ZEUS zpc 72 (1996) 399, EPJ 21 (2001) 443, 1461
® fitQ? > 4.5GeV2, z < 0.005 1o
» small k; - region ? L
® full splitting function ? g'g
0.4
Fits to F»(z, Q%) 6
set kgt X /ndf 14
(GeV) ndf =248 1.2
kS¥t = Qo 1.33 1.29 1
full splitting  1.18 1.18 82
JS2001 0.25 4.8 04

L e Hil Q2:5 Gé\/z

S J2003 set 1
...... J2003 set 2
JS2001 B

B . H1 coll, EPJ 21 (2001) 331 —*+

L | ZEUS coll. EPJ 21 (2001) 443

0% 10° 10% 10710" 10° 10% 10°
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xG(x,Q)

CCFM unintegrated gluon density

- Integrated -

_J2003 set 1 Q=1GeV
-.--J2003 set 2

1y,
1,
1,
1y
",
R
:::::::
1"
"
"
"
L
"
.
.,
’
“

C(_:FM gluon integrated over k;
foq dkng(fE, kta Q) — ZEG(QIZ7 q_)

Q=6 GeV

Q=10 GeV

CCFM gluon:
» at starting scale ¢ =1 GeV

flat !

» small x rise
generated perturbatively

DGLAP gluon:

® steeprise atsmall z

Remember: gluon density is no observable, only cross sections = «
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Charm in vp

D* photo - production (zeus coll. Erc 6 (1999) 67)

[1 p; and n spectra well described in normalization and shape

-
%) 6 i ® zEUS
¢ 10 [ CASCADE
S ~ 5 | .- RaPGAP
c o) [
— c 2
o 1 - > 4 —+—
S § -é l-
X [ ~ 3 B :
< | : 4
110 2
)
@) i 1 7 -1 1.
© 21 R .
10 R B B B A NS NN BN NWWE 1L S SRR FRRE 1L L 11T I e B
2 3 45 6 7 8 9101112 0 0.10.20.30.40.50.60.70.80.9 1
p, (GeV) X,

» [, factorization includes already anomalous v component
» no additional free parameters
» only m. = 1.5 GeV and fragmentation function
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Solution to the problem:

bb production at Tevatron

Test universality of

Iplbi>bX, \/S=I1.8 TIeV, Ilybll<1l ]

unintegrated gluon density
from HERA

D@ Data

(Errors have correlations)]

[] use unintegrated gluon from
F; fit at HERA

, — J2003-1

. . N v = J2003-2

- mDimuons ~

: 102}

[ use Sfi—shell_matrlx element = aMuons+Jets
for g*g* — bb - (This Analysis)

with my = 4.75 GeV. 10  eInclusive Muons

[1 set with singular terms ok L NLO QCD, MRSR2

- ___._. Theoretical Uncertainty

1 | | | | | | | | |
6 7 8910 20 30 40 50 6070

mein (GeV/ C)

[ even with full splitting fct ok
NOTE NLO off by factor 2

| cascape W/o additional free parameters |
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Solution to the problem:

bb production at Tevatron

data from: DO Collaboration B. Abbott et al., Phy.Rev.Lett 84 (2000) 5478

I T
m 1 N
102 Fo 2asWI<sz | el = B ot > 5 GeV/c
RN A inclusive muon § <€ —— .
RO . ] L A
U O muon + jet L R T ey A
10 ‘.\:\\";\’ J2003 1 g 10 --‘.-‘“\\..\t::.”‘"\..\.. -
3 RN T - ERE! i B
S — o00so | =2 NLO QCD, MRSR2, B =
N ' ° my=4.75 GeV/c?, u=p, TS
Ll | | I | I | I | I | I | I L I\I“-I

0 0.5 1 1.5 2 2.5 3 3.5

do,*/dpr*dy” (nb/(GeV/c))

1 F ~ E Iy
[ — £ > 8GeV/c
' 7 NLoac, MRsRz S i /
O m=4.7506ev/c IO/
w=po=(p7+my’)"”? 3 I "‘h—*
i eSO
" Sl N
10 | . S N
3 4 5 6780910 20 o
ot (Gev/c) 0 05 1 15 2 25 3 35

e CASCANDE describes 1 spectrum over huge range well

e NLO fails by factor ~ 2 (central) and ~ 4 (forward)
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Pu(N,) = 1N dN/d N,

Why does k,;-factorization help

for bb production at Tevatron

[annnannnn —— CASCADE estimate higher order corrections

PYTHIA Uzzp? X - bb
e R=piem Nr of gluons with p; > p;

LO: O(a?) - N, =0
NLO: O(a2) - N, =1
NNLO: O(a}) — N, = 2

CASCADE — O(a?)
2 3 4 5 6

N, (P> )

CASCADE with £, factorization for estimation of

higher order corrections
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Pu(N,) = 1N dN/d N,

Why does k;-factorization help

for bb production at Tevatron

LLLLLLLLL ™

- . ~
—— CASCADE 5, ®» recent calc using MC@NLO
PYHia - B 7R (Webber, Frixione et al.)

orTHa MOEpEEm _
» parton shower in add to NLO
Increases Xsect (priv.comm.)

» now at 20 % level agreement
with DO data ...

» after years

\ .... Same result as CASCADE

CASCADE — O(a?)

2 3 4 0 o
Ng (p%> Fptb)

CASCADE with £, factorization for estimation of

higher order corrections
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Solution to the problem:

charm production at Tevatron

data from: CDF Collaboration D. Acosta et al., hep-ex/0307080

G104% 0 §
. é F e CDFD %
$» measure charmed mesons in [ Wy T BT Sl
lyl <1 :
$® NLO by 100 - 50 % below data 102 107
® same model as for bb T
— 5 10 15 20 5 10 15 20
® similar problems as in bb P, (GeV) P, (GeV)
e set with singular terms ok 5 S

e set with full splitting fct smaller
but still larger than NLO

1 | | |

5 10 15 20 5 10 15 20
p, (GeV) p, (GeV)

| Success for CASCADE with k, factorization 1! '
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9

9

Un-integrated Gluon Density of Photon

together with M. Hansson

test machinery with one-loop o =2 Gev ;=4 Gev
(DGLAP) £ 0T
. 10 * S S N
use gluon in photon from GRV - derivative GRV
as input o T comm ‘
use normalization at input scale L '.
. . f ;
apply CCFM evolution (sing. s 10}
Voo b K.=6 GeV K.=8 GeV
terms only) s
with parameters obtained from % ™ |
proton (Qo = 1.4 GeV) 124
o}
10 3
woﬁeé—
w L

First un-integrated gluon density of real photon
with full CCFM evolution

, 19-22 Oct 2003 — p.20



vy — bb

together with M. Hansson

® use matrix elements in k; -
factorization 3
[] Yy — bE >é1037
O ~vg — bb 2
O gg — bb o
[ universality... o o5 CCFN =17
i ¥ OPAL
O TASSO
B ¥ TOPAZ
®» compare k; -factorization & i %5@5/27
CCFM with NLO: o L % JADE ﬁ
» using norm. from pdf :
[0 CCFM similar to NLO
® determine norm. for gluon from 1 I —

charm (n = 1.7 for res.v)
[ CCFM larger than NLO
BUT still low for vy — bb
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Charm in vp including resolved «
‘ D™ photo - production zeus coll. EPc 6 (1999) 67) I

® ZEUS
e CASCADE dir = CASCADE dir
was  CASCADE res

'

«ar  CASCADE res

10 |

S
|
$® use unintegrated g’ St
gluon of ~ | s L
bCD I '.:'s.. ;.......‘""".E
®» use gg — QQ 10 3 :'5.:_: o B P e

» in direct mode k; factorization includes already anomalous ~
component

» only small contribution from gg — QQ
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Unintegrated gluon density
® identify botiicharm qué’r%ith heavy quarks

$» reconstruct Zg

® reconstruct § = z,v/ sE with E = exp(—27°°) in ep cms

Ag< 120°

» reconstruct
-. reconstruct ~ - o 120° dod®
ki =p7 +p5 — D S(z, Q% AP) = -2

280% dodP
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Forward jets and charm

#® identify both charm quarks, measure Azn°¢, small Ap¢ O small z,
® measure AnSI = — nraet , Small Ape, large Apceiet

‘ Investigate small x effects with heavy quarks... I
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Differentiate unintegrated density

quarks and gluons

® identify one or both charm quarks reconst. 4 jets (incl. c-jets)

» measure cosf* ... test propagator in initial state cascade Il

charm
bottom

® measure contribution of quark initiated charm production

$® measure unintegrated quark density




The Beginning, Not the End

[]

O 0O OO

[]

[]
[]
[]

® k, - factorization very successful

unintegrated gluon density from CCFM
precision fits to F5, including full splitting fct
describes measurements at HERA

even where collinear NLO falls

works also for charm and bottom in pp
attempts also for bottom in ~~

resummation to all orders helps ....

# Iinvestigate details of initial state radiation with heavy quarks
chance for very small =,

new effects beyond DGLAP

unintegrated pdfs for quarks and gluons
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The Beginning, Not the End

k; - factorization and unintegrated pdfs

promising tool for calculation of higher orders

and correct event simulation at

H ERA, Tevatron and L HC

Knowledge of unintegrated pdfs

Important for Higgs production at

LHC
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bb production in DIS at HERA: H1 and ZEUS

ZEUS(prel.) ICHEP 2002

Q? > 2GeV?, 0.05 < y < 0.7,
EZ7e > 6 GeV, —2 < nlet < 2.5
pt > 2 GeV, 30° < 6" < 160°
X-section ep — €'bbX — €' jetuX:
o = 38.7 £ 7.7(stat.)é:§ (syst-) pb
NLO: 0 =28.1 +2 pb

Cascape a(ep — €'bbX) = 35 pb

Hl(prel.)

2 < Q% <100 GeV?, 0.1 <y < 0.8,
pi > 2 GeV, 35° < 6% < 130°

visible x-section ep — 'bbX — pX:
o = 39 + 8(stat.) = 10(syst.) pb
NLO: ¢ = 11+ 2 pb

Cascape o(ep — €'bbX) = 15 pb

RMC H1) = Smeasured — 2.6
(H1) TMC Ryic(ZEUS) = am;‘]”\;g“d =1.1
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bb production in DIS at HERA: ZEUS

do/dQ? (pb/GeV?)

-2
10

10

ZEUS

oe’p - e"bb X - e’ pu* JetX)

@ ZEUS (prel.) 99-00
----- 0O(a,) QCD [CTFM (CASCADE)
O(a,) QCD [DGLAP (RAPGAP) -

0.05<y<0.7
P, > 2 GeV, 30°< @, < 160°

EBreit >6 GeV, 2< r]Lab <25
t,Jet Jet

10 10 10
Q* (GeV?)

ZEUS

O(a,) QCD [DGLAP (RAPGAP)

3 T T T T ‘ T T ‘ T T ‘

e oe’p - e"bb X - e"ptletX) |
=k |
5 @ ZEUS (prel.) 99-00

> L

3102 O(a,) QCD [CTFM (CASCADE)
=

[}

°

Q*>2GeV? 0.05<y<0.7
P, >2 GeV, 30° < 6, < 160°

bosoa( pooost EB®> 6 Gev, -2<n® <25
H t,Jet Jet

L g é __________________ i __________________

1 - _

45 4 35 -3 25 2 -5 -
l0g,4(X)
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Resolved - v, NLO and k;, - factorization

LO NLO EAOMEL e k. factorization
(heavy quark excitation)
—( — _ [0 NLO corrections
D rg"‘? ; [l anomalous 7y

| T O even in NLO

O includes NNLO

[ includes NNNLO
k=0 K20 [Jincludes NNNNLO

% k. factorization has

no problem with:

ky ~ factorization [I negative weights....

[0 matching to PS

[0 matching to

hadronsiation
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k; - and collinear factorization

} off — shell ME

¥

off - shell matrix element

[1 1-loop correction to
Born approximation
[1 high energy limit of NLO !!!

factorize k; dependence in F and insert in o

[ improved coefficient and splitting functions to all order
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