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Heavy quark production is the most inclusive
way to study processes with one (hadron
interaction) or two (DIS) scales of hardness.
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Three stages of understanding:

e Everything is clear;
e Nothing is clear;

e Something becomes understandable for them who
survived the first two stages

The good news:

We are in the third stage
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Everything is clear
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Everything is clear

ArAp ~ 1
p° 1
Mg Mgr?
2 as(r) _ _
]\ZQ S’r‘ — € O
1 as(r)
Mg r? -
Solution:
1

Velocity:

" as(1/Mg) Mg

p= Mgv = Mqas(1/Mg)

v = ag(1l/Mg) <1
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Everything is clear

Qg saturation scale

Soft Pomeron scale (1/0(i3)
Mg

separation scale

= 1/x

10 10° 10° 10* 10°10° 10’

My personal hope:

e HQ production will tell about the structure of ‘soft’
Pomeron;

e HQ production will show the collective effects due to
saturation;
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Nothing is clear

o pp(S, ME)) = Z

j,i:q,(j,G

L dr
/4Mg2 — §(xixy — 7) Ff (z1, pr) Fl (22, pur) oij(7T, Mg, pr)

e What is the value of
factorization scale pur?

e What is the value of
renormalization scale

LR?

e From experiment:

if up = me. Mme.=
1.4 GeV
if up = 2mMm,. Mme.=
1.2 GeV

e Should HR = [,LF7
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Nothing is clear

e How to include the QQ threshold in the running
QCD coupling ?

e How to include the QQ threshold in the structure
functions ?

e How to explain three major disagreements with
experiment:

- oPFXP(pp — J/¥) ~ 10 oQCP (pp — J/¥)
- oPXP(R — bb) ~ 3 c9“P(R — bb)
for reactions:
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e Loss of hope

2 3 4 5 6

10 10 10 10 10
1/x
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Something becomes understandable

e LO 4+ NLO pQCD;

e (LO 4+ NLO ) versus k; factorization;

e NR QCD and heavy quarkonium production;

o HQP and saturation;

° HQP in ion-ion collisions:

o Diffractive HQP;
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pQCD: general strategy

o 2 2
o FZQQ (m;%,]\?[—gJ =

3220 On (231(Q*/A%), In(Q*/M3)) az

+ ¥ FfT (w; In(Q*/A%), In(Q?/ Mfz)) ;

S 2 2
F2QQ<m.Q Q )

YA2 2 A2

e R(x:9.,9 ) = e
AR MG Qa,0( Q2 Q2
N 2

— LLog(1/x) (BFKL) :
F2QQ7LO —

Y2 Cn (IN(Q2/A%),n(Q*/M3)) (s n(1/2))";
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— LLog(Q/A) (DGLAP) :

Y2y Cn (@3(Q?/M3)) (s In(Q*/A%)"s

FRALO _

— Two scales 777:

FRLO _

>neo Cn(z) og In™(Q*/A%) In"~™(Q*/M3)

o N =7

BT (23 1n(Q*/A%), n(Q*/M2)) = 7

—  We know the DGLAP equations for it;

— We do not know a solution to these equation;
—  We do not know initial conditions for them;

—  Only saturation models lead to the estimates;
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LO + NLO pQCD

a$(1r)
O'i,j(T?MéaUF) — ‘3’\422 X
(fE0(r) + amas(ur) [FNFO(T) + FNEC n(u/M3)])
4Mg
T = —, 8§ = x1x2S8
S

LO NLO
Direct photon Direct photon Resolved photon
R i
K. =0 k,=0
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Advantages:

It is well defined (? ) procedure:

e FLO and FNLO as well as 0?79 is gauge invariant
and finite;

o akIn"(ur/m,) are included in p.d.f.

e BUT afIn"(ur/Mg) are included either in p.d.f.
or in hard cross section depending on factorization
scheme;

e ACOT

— all In(ur/Mg) in hard cross section for
pr < Mg;
— all In(prp/Mg) in p.d.f. for up > Mog;

e ACOT scheme has been implemented for description
of HQP in CTEQ6HQ and in the paper of
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Disadvantages:

e Both scales: pur an pugr are arbitrary and there are
no ideas how to fix them;

FLO FNLO

o and are well defined but they lost the

meaning on the number of parton with k; < pp;
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F, in the NLODGLAP scheme
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( LO + NLO) versus k; -factorization

app(s,Mé) = Z /MZ —5(2131332—7') 8 (k1+kz:—pP1—P2)

J,1=4q,q,G

805;3(3319 k"l) CPf(iBz, kz) O'i,j(‘l', Mczg, ki, k2,t)

LO NLO k¢ factorization
__________ R A RREREEEED YWttt
x J co S |
e;;i """"" ,:“iiw ____________ ,t'jfwM _____________ ;;O'(hard)
kt:O k=0 kt- 0 T
Difficulties: @ and o(hard) are not gauge invariant
separately.
Advantages: @ has a meaning of the density of parton

with given transverse momentum.

HF
2Ga,ur) x [ did (k)
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Butonlyatxz — 0 Il

Advantages: the factorization scale pr can be
determined as < k; >

CCFM parton cascade
CCFM =

proton yU
@i_1< @i < ®i+1 < 0O

p(kgy 5 ) depends on two
dimensional variables and CCFM
equation is the correct way to
introduce such function in the case
of two scales of hardness
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Difficulties: @ at z — 1 is divergent

DGLAP

B0

K,x

gk i
Grrewa ~ © (e

Solution: In CCFM equation ¢ is defined as

(CBG(CBa k?) T(’@?» “2))

ke, 1 —
@ (kty 3 ) 5 In(k?)

where T is Sudakov form factor which says that there is
no emission with transverse momenta between k; and u

2 2 ,1—6
T(k?, u*) = exp (— /kl: i dCCPDGLAP(C)>

2
t kt 0
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Market of unintegrated parton distributions

One scale approximation:

o
dxG(x, p?)
So(ktaw) — d,u,; |M=kt
o : @p(k¢, ) is solution to the BFKL equation,
initial condition: (kt, ) = G (xz, Qo)/Q% for k <
Qo
o : (k¢, x) is solution of the BFKL equation

for k; > ko = 1GeV, the non-perturbative region is
provided by G (z, k?)

30'()

ke, ) = k? R*(z) e~k (@)
472

as

with og = 29.12mb and ag = 0.2

Status and prospects of heavy quark production in QCD E. Levin



)
PR |

10 41073

10 %10 10 %10 210210 Y10 %10 31

02101
X

Status and prospects of heavy quark production in QCD

y x:0.ll(|)1 .
101 10 10210 1 10 102 10! 1 10 10% 10°
kA GeV) ki GeV) kA GeV)

E. Levin



Two scale unintegrated parton densities:

¢ : QO(kt,[l,;CE‘) —
Jy B(z, k2, 1?) (2/2)G (/2 p?) dz

with a universal function B;

o b ok, psx) =

— T(k2, p?) O;S<,’:2t> [27° P(2) (2/2)G(x) 2, k) dz

= 81%(,@3) (xG (=, k7) T(k, u?))

with initial condition as in RS.

o : @ (k¢ p3x) is @ numeric (Monte Carlo)
solution to the CCFM equation . The free parameters
are determined from F, for £ < 1072 and Q? >
5GeV?2.

The best that we have at the moment

o :  This model provides a smooth transition
between DGLAP and BFKL dynamics which quite close
to the CCFM equation but not exactly it
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Inclusive production
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Correlations
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Resume and Questions

LO So(ktv s 33)

e has a transparent meaning of
probability to find a parton with
given k; in a reaction with the scale
of hardness u;

e describes a substantial part of
NLO pQCD calculations;

e leads to possibility to estimate
the value of the factorization scale
in pQCD approach;
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Average k; = 1

94.5
()
e
~ 4 F
35 |
3|
25 I
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B — W =220 GeV
li“““““““““““‘
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NLO (ke p3z,50) = 277

e the BFKL equation in NLO has been developed

e the way how to resum the NLO BFKL to obtain a
smooth matching with the DGLAP evolution has been
found

e CCFM equation in NLO = 7
e Coefficient functions (impact factors) = 7

e A new dimension scale is needed which says what
energy is high and the problem becomes three scale
problem (?7) which has not been studied;
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NR QCD

NR QCD Factorization

1M,
s ===
) n
= S
VM) | (soft

Gluons

dOH+X)=2 d0(Qo[n] +x) <oHnI>
N
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NR QCD for J/ W

ee - eeJyXaLEP2
L DL L L B L B

—— DELPHI prelim.
— MRST98 it
******** CTEQS fit

VS =197 GeV

-2< yJ/llJ <2

e Klasen,

Kniehl, Mihaila & Steinhauser
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Two problems:

e Unrealistic values for |¥(0)|? (see
red in the table );

e On qualitative level polarization
should be transverse one in clear
disagreement with the experiment;

The uninegrated str. function
approach gives a natural
explanation for both difficulties

e See Baranov’s talk here
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NR QCD factorization 7 !

® Likhoded’s talk

_________________________________

Violation of NR QCD
factorization

NR QCD factorization
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A ST
o b1 - : -
—0.4 g_ li] Beneke—Kramer_; . é_ _;
—0.8 E— 1 —E —0.8 E— prompt J/ —E
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a = +1 transverse polarized ¥ /J
a =0 unpolarized d ¥ /J
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S [ ki factorization
[
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HQP and QCD saturation.

Phase map of QCD

40
L Colour Colour
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Saturation models work

Q*=7
'S
LL

1 10% 10® 102 101
X
1} Q*=60 1 92= 130 HERA —e—
N SRR L GBW ——
10 10° 1072 1040™ 10° 102 107
X X
[ )
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However the real test of QCD saturation is still ahead

e p; -distribution of QQ pair (correlations);

ev?)

Qs (G

e Production of two QQ pairs with the same rapidities;

y* AN

JASAYAYAY]

Q
proton %
>

e Inclusive production of QQ pair with measuring the
acompaning particles;

° HQP in ion-ion collisions ;:

o Diffractive HQP;
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HQP in ion-ion collisions.

Landau - Pomeranchuk - Migdal effect

_ _ 2 2 2 _
I=| At AL+ Agl 2 =|AT+ A+ |Asl =

I BH
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aw ( dw )BH 1 aSC’R\/
dodz \dwdz N..n,

e g is transport coefficient: § = p [ 2 dq2 q’ d q*

e § ~ T3 paxG(x, Q%) =~ Q/L

e Taking Q> = 2GeV? L = (4/3)Ra we get
deold =~ 0.08 GeV?

e For ‘hot’ nuclear matter we expect grnot ~ (10 = 20)Gcold
Inclusive energy distribution:
dW ~U aSCR . ﬂ - . 2
T, = —=F —L with w; = Q5 L
Typical parameters of medium induced radiation:

e Energy: wi;

® tiorm: trorm =1L - /22 > L forw > wy;

e Anglef: 0= %

VR
Ew Q>
N—
N
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Radiation off HQ:dead cone and enhancement factor

Crd kZdk?
'dP:aSsz(tztzz %
m  w (kf + w?6f) E

2

02
e dPyg = dP, (1 + 0—g>

B asCr |wy 1
I(w) = T \/:(1_|_(Egcz)2 (::1)%>2

with

EHQ EMQ°Q3°L

Therefore, only if £ > Epg the quark mass become
irrelevant.

The dead cone leads to an enhancement of the
radiation off HQ :

1

Quq(pt) 16asCr Q:MZL \°
~ exp L 5 5

Qrq(pt) 93 M3 + p3
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So far NO medium effect on HQP experimentally
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Diffractive HQP

Inclusive Diffraction

radius of thetar get

e (Q?- photon virtuality ;

2
B = griar

do’L 5 (v* — q+9)
dccpdt

dol 5 (v* — q+9)
dx pdt
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In saturation region

Therefore :

rG x R*Q?

bp o« R'Q%(xp)

R* Q (=)

= ConstW, Q?)
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Diffractive J/W¥ production: typical ‘hard’ process

e o ox WA with A > Asortps
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H1. yp - J/yp
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~~~~~ MRT (MRST99)

— FMS(CTEQ4L,A=4) -

PP I RSO AP RN AR RSO R
50 100 150 200 250

Status and prospects of heavy quark production in QCD

300
W [GeV]

i

E. Levin



® Saturation models work

Yp = J/¥p
W = 90 CeV
)
2|
£ 107 o Hi
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08 -

0.6

Effractive shrinkage of the forward peak

H1: yp - J/yp
L L S B e B
16 e H199-00 Jy - u'yr (prelim) -
s ZEUS

— Fit: a +a'

o, = 1.20+0.02

O‘H

o' = (0.15+0.06) GeV 2 1
025 05

N R T R
0.75 1 125 15

Two explanations:

a;ff decreases with W

Saturation:

/
ae

£f increases with W

Only prediction is physics
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e Diffraction picture in J/W¥ production
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RESUME

e Experimentalists are working hard and new data,
better and more, are coming;

e Theorists have fresh ideas and methods of
calculations;

e A lot of difficult and challenging pronblems are still
ahead

Therefore
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