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Introduction

« Heavy flavour production dominated by Boson Gluon Fusion (BGF)

c or b Z_? E=27.6 GeV E=920 GeV
Vg —>cc — _
e’ (k) e’ (k) ep Kinematics: /¢ =300, 320 GeV

Q2 : 4-momentum transfer squared
.l X :Bjorken Xx

V' Inelasticity

JW' : Mass of the hadronic system

proton (P) Two kinematic regimes:
> \/ 0 ~0 —» Photoproduction

izati >21GeV’ —* DI
e Factorization: 0 e S

Proton structure ® N ® Photon structure ® Fragmentation function
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Heavy Flavour Production at HERA

Q> >0 photoproduction
Q*>1GeV’® DIS

at LO
contribution T and resolved .
from direct i—'— processes )

* large charm contribution to F,
e universality of the gluon

* Photoproduction has an important
resolved component

® Hi A ZEUS HI NLO QCD
107 fit to F:
10’3&- x=0.00005 (*4'") - ZEUS 1996+97
E %4 x=0.00013 (*4'%) 3 o 5 T — — T
10° ;_ o 1=0.0002(°4%) . = -
o el 3 & P 3 % W
- [ s X=00003(%4) E XS m + Data
10 s @ " A o x=0.0005 (*4) N Q\ C:f. — Herwig: direct + resolved
: s x=00008 (*4%) ] ) 2 - Herwig. direct £
s F . A =0, Q) [5] L = Hem.!g. resolved ) -
107 & & = gy & o B Herwig: resolved without g
E " x=0.0012 (*47) 3 % charm excitation
102 o @ A 2 8 x:ﬂ.mli"4"l_! § (b. L ]
3 & & x=0.0032(*4%)3 4\ C\)Q . T "
oy 1 T - oot '.
; : : SIS 1 1 ¥ y | 7
ik x=0.004 (*4°) o e Q F ; \ - '
- A E 9y
; F x=0.008 (*4") 3 E I I\, \1\ \\ h ] \ K bt \:‘J\\
10! E — s g D 0.2 0.4 DB 08 | 1
3 x=0.02(*4") ? \ x OBS
2 ol sl .
o = resolved direct

_,I — 0’
Q [Gev?]
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Why heavy flavours?

study heavy flavour production mechanism
* m, (m, ) provides a hard scale
good testing ground for pQCD

 access parton densities in the proton and in the photon
« 0% and p; (or E; ) also provide a hard scale
 sensitivity to the parton evolution model \\//
* Fragmentation 1ssues @ =y

(fragmentation probabilities for different hadrons, | Y

strangeness suppression, ratio V /(V + P) ,

fragmentation function) ST i
AR CCFM
=2 EREERER]
g'ﬁ__ﬁ__ﬁ_
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Theoretical Framework

Calculations in the DGLAP scheme

»Fixed order NLO calculations
. l MC generators (ME + PS)
(massive scheme)

heavy quark produced dynamically « AROMA:
« YP:FMNR «DIS : HVQDIS direct only, LO DGLAP evolution
 PYTHIA, RAPGAP, HERWIG:

direct + resolved, LO DGLAP

»resummed NLL calculations
(massless scheme)

heavy quark active flavour « CASCADE:
of proton or photon CCEM evolution
P >>m g k )
¢ dependent gluon density

o 7P : Cacciari et al., Kniel et al.

»Matched scheme FONLL
(fixed order + NLL p; resummation)

e Cacciari et al.

Fragmentation : non perturbative models
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Charm tagging

Luminosity collected at HERA I : =120 pb-!

600 : :

> - - : ‘ B
o ZEUS 2 10000 **,+atebe b ZEUS .
= = she

Heavy flavour analyses Y f :
. . é 500 ” l E S )
still ongoing I £ oo "
3
E 00 | § o ZEUS (prel) 1999-2000
Q
I | 6000 — Gauss™ + P1
ZE i 2
US 300y ZEUS (prel) 1998-2000 | 130 < W < 300 GeV, Q@ < 1 GeV/

% 6000 N — Gauss™ + Gauss™ + EXP Pr(A) > 3.8 GeV, In(A))] <16

= . + ZEUS (prel.) 1995-2000 (127 pb’') } 4000 .

o L _ Backgr. wrong charge 200 130 < W <300 GeV, O < 1 GeV? NIA;) = 1390 £ 380

e i ' PAD:DY > 3.8 GeV, [n(DZDY)| <16

» 5000 — s N 2000

c L + N

g i J 100 N(D?) = 1086 + 85 N A+

5] i N(D¥) = 229 + 62 T B

£ i ‘a *i DS . | . C

E 4000 B + D 0 | ! 22 23 2.4

C - 18 19 2 M(Kpr) (GeV)

i M(KKx) (GeV)
[ ]
B — ] ,..',_| - o o
3000 | + "y n » Hi prcl o 200 D= Kmr ° H.l prel
L » = . D— - Fit E untagged - Fit
L 2 = .
2000 - = g 7
L 3 = 100 — >
L — L :
I O i e _
1000 = 8 100 —
L = S ]
. g 50 +
0 L1 TR - TR - | _| Fit composition:
0.14 0.15 0.16 017 + Gaussian signal
H : d - [  wrong charge combinations
M(Knr,) - M(Km) (GeV) CST life time tag: §,>8 expancntial background
D | T | T | T | 0 | T T | T T T | T T | T T | T

1.7 1.8 1.9 N L7 1.8 L9 2 2.1

m(Kzr) [ GeVic’ ] m(Kr) [ GeV/c’]
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Charm Fragmentation

ZEUS prel. (¥ p)
pr(D,A,)>3.8GeV, |n(D,A,)|<1.6
f(c—> D")=0249+0.014"; s

f(c—>D")=0557+0.019"00"

¢ — D;)=0.107+0.009 +0.005
Al s
flc—>AD)=0.076+0.020"00]

f(c— D) =0.223+0.009") 002

Combined
¢Te~ data

0.232+0.010

0.549+0.023

0.101+£0.009
0.076 £ 0.007

0.235+0.007

H1 prel. (DIS)

0.202 £0.020+9:943 +0.029
0.11 0.086
0.658+0.054701 1> T0030

0.156+0.04370:936 +0.0%0

0.263+0.01970:0%6 +0.031

Charm fragmentation fractions are universal

—»  HERA errors competitive!

u

R ., 7, V/(P+V) alsodetermined and in good agreement with w.a.
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Measurement of the Fragmentation Function

D*
Pr

>2 GeV, |77D* I<1.5

O’ <1GeV?, 130<W,, <280 GeV

* i jet
Require that the 1) be associated with a jet of EF'>9GeV and |77 [<2.4

L =120 pb™'

» 500
‘E e ZEUS (prel.) 1996-2000
é PYTHIA
HERWIG
400 - . PYTHIA : Beauty
300 |- } } __________
200 |- iL 5
100 |-
i ¥ ¢
0 "| _______ —I—i , — o ]
0.2 04 0.6 0.8 1
V4

k; jet algorithm

hadrons

Fragmentation process

Ol]thiﬂg parton 7 = (E + p| |

Hard scatter ,
ard scatter 2 Ejet

)Y

PYTHIA (sym. Lund+Bowler)
agreement with data

HERWIG (Cluster model)
is too hard
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Results on Fragmentation Function

2.5 W
.._"'; e ZEUS (prel.) 1996-2000 E 35 ® ZEUS (prel) 1996-2000: Ei** >9 GeV,z = (E + p ), 2E™
= i O OPAL Vs =912 GeV,z=2E_ s
RS PYTHIA (Peterson) o _ _ ) I
- 9| e—0.1 E 3 O ARGUS Vs =10.6 GeV,z=p/(Ejeam- Mps )
oo g .. : %}
15 + % éﬁ
2
1 1.5 l ' !
0.5 Fit: € = 0.064 + 0.006 :?0'::81 . % ‘% q
0.5 l
Peterson l % J}
0 0|.2 04 0.6 0.8 1 0 0 0.2 04 0.6 0.8 N 1
VA VA
f(z2) :
g z(1-1/z—-¢ /(1= z2))> Different definitions of Z
£=0.064+0.06'90!1 (ZEUS prel) qualitative agreement
&=0.05 (PYTHIA default) Fragmentation Function is universal

& =0.053 (LL fit to ARGUS data Nason, Oleari)

Heavy Flavour Production at HERA Katerina Tzamariudaki



*

D

in DIS

H1: Inclusive D™ Cross Section

1999,2000 47 pb”

) P

_ H1 preliminary 0,08 H1 preliminary

E I - e | ® HiD (prelim)

3 1 =% a [ CASCADE

o - o 0.06 L HVaDE

a i o

£ = £ L{H

- —— S ' '_#_‘

3 10 | . T 0.04 +

= F == 2 4

o - —

| & HiD*{pr=lim] [:7] 0.02 — |_*_

% -2| [ CASCADE i * T

7y 10 E ) wvaos >

= TN vl v oo Lot

o 10 102'0 100 150 200 250
Q®[GeV? W [GeV]

. H1 preliminary 0,08 H1 preliminary

] — " & H1D%{prelim)

% a <= RAPGAP dir

O O B — RAPGAP dir+res

g gll'.l.t'.lE -_I__ L casoADE

S Fagaes

5 T 0.04 _—‘*_‘

= E —8-— 5 A

;H C @ H1D*(pr=lim) E

% + - RAPGAP dir $u_ug .

- —— HRAPGAP dirsres :m ' """

% 10 ™~ - CASCADE %

= i ol = N I A

o 10 102'0 100 150 200 250
Q®[GeV?] W [GeV]

do({ep—eD*X)/dn [nb]

do({ep—eD*X)/dn [nb]

0
-1.5 -1

0* >2 GeV?, 0.05<y<0.7
p? >15GeV, |77 <15

H1 preliminary

ey

[ ® H1D (prelim])
[ CASCADE

F [ HvaDis
P T P ErrT T T

a LA
-15 -1 05 0 05 1 15

n

H1 preliminary

[ ® HiD*(prelim) -.-.d
[ == RAPGAPdir
[ — HRAPGAPdirires

- CASCADE

n

piaalaass
05 0 05 1 15

« NLO QCD low

« CASCADE (CCFM)
better

* RAPGAP (LO+PS)
direct + resolved high

* shape of 77 distribution
1s well described
only by CASCADE
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Jet Cross Section with D*in DIS

H1: D +2 jets (inclusive f algorithm in the Breit frame) 1999, 2000 47 pb™
jet .]et 152
ET > 4, 3 GGV, '1<771ab < 2.5
H1 preliminary H1 preliminary
o F - = 1 D'+ [prelim. 1
S > & preim) * CASCADE (CCFM) too high
0] B — o  — — RAPGAPdir+res
2 10 E 2 T T4l - - chscave * RAPGAP (LO+PS) too low
e 4l ==
°g Euj‘ 10
= 2 2 C
?é 10 E e wiowjpreimy ™ | ﬁ F e
C F - .- RAPGAPdr [T~~~ = L .
? L — RAPGAP dirsres i % R : * : Summary plOt
g oL L et Jet versus inclusive cross section
g 10 102§ 5 10 20 2 H1 preliminary
 Q*[GeV?] E [GeV] R -
H1 preliminary 525 - e
5125 F 0 preim) S [ A Gascak cooms -
= C -+ = RAPGAPdir § 2 -y CASCADE ==0035 A Y E
5 1K — RAPGAP dir+res . % RAPGAPdines g
g 9 ----, - - CASCADE none Of the mOdelS e I < HERWIG * .
>—<-0.75 -_ ! . 15 :— O AADMA —
5 ﬁ provides a perfect - Lo ¥
105 F s description when jets F .
@ R . . .o 05 |
A S -— are required in addition " o
:I - I i i I T I i i i n _I : = = : : I I_
0 e, to the D 0 2 4 6 8 10
An G(D* X) [nb]
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D" Photoproduction

do/dp, (nb/GeV)

ZEUS

» * ZEUS (prel) 98-00 @)

15
p+(D) (GeV)

_do(ep— D* X)/dp, [nb/GeV]

HH e H199-00 (prel.)

— NLO QCD ('massive’

.: ————— Cascade
]

8 9 10 11 12
pt (D*) [GeV]

Lol bl
3 4 5 6 7

20

= 4F
2 B o H199-00 (prel.)
';3.5_— et
o 3;_ . = NLO QCD (‘'massive’)
< ;
52.52_ E ___________ Cascade
T ok :
o 2: '
Q C '
Saag TN
T
1 R
0.5" L
AT EFSEE EEETET B
-li.5 -1 05 0 0.5 1 *1.5
n (D%)

No electron tag 79 pb™!

0’ <1GeV?, 130<W,, <280 GeV
pY >1.9 GeV, |n” |<1.6

Large theoretical uncertainties due
to scale, mass and fragmentation

* NLO below data
(low p;, 7>0)

* FONLL also below the data
even below NLO at high p;

« CASCADE too hard

Electron tag: 49 pb™'
0’ <0.01 GeV?, 171<W,, <256 GeV
P >25GeV, |n” <15
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* .
D Photoproduction double differential distributions

do/dn (nb)

do/dn (nb)

o ZEUS (prel.) 88-00

19 <p(D)<3.25CGeV

a)

1

do/dn (nb)

“w
o
T

325 <pD)<5GeV

b) -

- 0 1
nD)

0.3 . |
0o5| B<PrD)<20CeV 9

0.2 } 1

0.1 B I o

0 == 1 0 1
nD)

17 distribution in " bins

* NLO below *data at
medium p? and high 77

* FONLL close to data
only at low p?
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D"+ 2 Jet Events

nb)
N
wn

2
w2

0.5

do/d

ZEUS: yp > D "+ jj+ X

e ZEUS 1996 - 2000

-
-

—rmrmrmre

CASCADE (x 0.7)
HERWIG (x 2.1)
PYTHIA (x 1.2)

7 PYTHIA: resolved (x 1.2)

Jet energy scale uncertainty

-~

obs
XY

direct

~ 120 pb'
p> >3 GeV
2 jets: EN >5GeV, | |<2.4,
ij >18 GeV

Momentum fraction of photon in jets:

j
XObS _ Z]l’jz (ETe )
! 2yE

e

* Significant contribution from
resolved ~40%

* MCs: good description of shape
» CASCADE different at high x?°

* NLO below data at low x;bs
(not shown)
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Charm: Di-jet Angular Distributions

/dcos8 (nb)
-
=

o
e)
&

=
=

ZEUS 1996 - 2000
HERWIG (x 2.0)
PYTHIA (x 1.2)
PYTHIA: direct (x 1.2)
.= Jet energy scale uncertainty

x$b5 < 0.75

o

g -exchange: 0.5 |

—

o (1-|cos @ )
q-exchange: 0
o (1-|cos@ |)

-0.8 -0.6 -04 -0.2 0

E
< v direction cosb

.

02 04 06 08 —

p direction —

0" = X (p,D"-Jet)

*

0
P

jet,

€ :'-1/,,”{
—C

g C

Clear evidence for charm from the photon

. . dO- . . obs
Strong rise in ACOS g+ towards the } direction for x,™ <0.75
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Charm: Di-Jet Angular Distributions

2 [Tt — NLOQCD®HAD
! f N bs + NLO DGLAP
e B CASCADE < 0.75 describes X, >0.75,
> Fy . obs
% 0271 .1 but is too low for x,"° <0.75,
= yoi3 - 'I
| S = . -
O— | - CCFM (CASCADE)

(-
T T |

describes the shape,

but the predicted cross section

=
n

is too high

oL |
-0.8 -0.6 -04 -0.2 0 0.2 04 0.6 08

&
< 7y direction cosO p direction —

D v jet,

0" = X(p,D -Jet)

jetz

Heavy Flavour Production at HERA Katerina Tzamariudaki




Charm production — Summary

* Fragmentation Probabilities and Fragmentation Function measured
good agreement with results from other experiments
Charm fragmentation universal

e D production in DIS
Inclusive: CASCADE: good description of the data
other models: problems with the 77 distribution
D’ +jets: problems to describe the associated jet cross section

e ' inphotoproduction
Inclusive: Problems of NLO QCD and CCFM to describe the data

D’ +jets: large charm component in the photon (LO+PS picture)

NLO QCD does not describe this component well;
shape is better described by MC models
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Beauty: Tagging Methods

ZEUS —

ZEUS (prel.) 99-00

| e g ~—— MG Sum

102 @ L‘_ -~ Fake Muons + Charm MC
L Il Beauty MC

Events
[ ]

m, > m. = theory should be more reliable

n
T

but o, / o - very small <0.05

in 2-jet events O — v X

» Large p mass:
| Jet axis P of H relative

] re
" to the jet Py

Py (GeV)

¢ Data (prel.)
— Fit
beauty
mm charm
mm fake muons

ury
o

Muons / 50 um

* Long p lifetime _
M impact parameter) . L

0.1 -0.05 0 0.05 0.1 0.15
3 [cm ] -
Katerina Tzamariudaki
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Beauty in Photoproduction

98 pb~'
1996-2000

2 jets, EX''® > 7 (6) GeV, | ' < 2.5
pl>25GeV,1<n" <23

1
ZEUS: ptr “ method

Q? <1GeV?,02<y<0.8

ep—+bb—ejjuX ep—+bb—ejjX

40 T T T T T T T

s- [ i ) -g- : |:I - E Idg T T T i T T T T T 1
g Tpe [ep—bb—e 1 X) = [ o . [ep—bb—e juX) = = [ep—bB—e jjX) 1
r.1 i 1:‘ - 1 8 2500 : A
2 0?121 Ga\l‘é 32<y«]:u.a 5 35 ¢ O?«:‘I GeV® D.2<y<08 * ZEUS [prel) 96-00 £ Pt GoV? L2<y<Dd ]
pE-T6 GV mi2s | 5 i pl'Po7 6 GV plla2s = B -
ﬁ « o T NLOQCD x hadr. - F)!;I'F'TEGEV Iz 5
k-] TR 30 PR2SGV NLOGCD 1= - i
b e ZEUS [prel} 85-00 [ ] 2000 - .
%10k == NLOQCD x hadr. | *® ZEUS (prel) 96-00 ]
S e S HLO QCD 25 N —— MNLOGCD x hadr. |
"""" : L ] — NLO mn 4
o0 | 1500 - -
15 J[ --------- 7 L e
i I ] 1000 ]
'I' 10 { ]
1F : 500 - { 1
- p"u’ 5 | ??,\u’ ----------------- _{ T Gbs
. 1 = F-- |
1 1 1 1 1 1 IIinr u L1 1 | 1 1 1 1 1 u ;‘ 1 | 1 1 1 q’ |
3 4 5 ] pl?{ Ge‘ﬂu -1.5 -1 =05 [u] 0.5 1 15 2 11“ 0 01 02 03 04 05 06 0.7 0. E 0.9 I‘_lnm5

Comparison to NLO QCD:

in visible range ok within errors

pliu and 77"

for xy

Factor of 2 disagreement

extrapolate muon phase space
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Beauty in DIS

~ 60 pb '

ZEUS: ep —> bb — eju X Q> >2 GeV?2,0.05< y<0.7

1 u, pf' >2 GeV

Nﬁ T II T T T T T T T II

: + + - + ]

s clep—=e bbX —e pn JetX Breit

¢ - E;" > 6 GeV

E [ E @ ZEUS (prel) 99-00 |

o | posssssessssss: ----  O() QCD® CCFM (CASCADE)

g 1 b - 0Ofm,)QCDe DGLAP (RAPGAF) s +6.1

- 1 \4 .

6 I o =(38.7x7.7°5,) pb

ﬂ | .
P 0s<y<07 |« QCD NLO (DGLAP):

10 = P,>20GeV,30 " <8, <160 o _

1,

£ -6 GV, -2< 1 * <25 (Harris & Smlth) o'’ = (280i§§) pb

- CASCADE (CCFM):

_2 ______________________________
1ﬂ - f - V1S ~
: NLO QCD (HVaDIS) | | good agreement o ~35pb

45<m, <50 GeV

e e (0 ) ] « RAPGAP (DGLAP, LO+PS)

1u4l Il P R B A A | i 1 Lo s sl | . | tOOlOW
10 1(]2 11;'_|3

Q? (GeV?)

I
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Heavy Flavour double tag: D’ 1 — Correlations

¢ —b separation using charge
and angular correlations

Hl: yp>D +u+X ~ 90 pb”'
pr >1.GeV, |n”|<1.74, 0.05< y<0.75
pP >1.5GeV, |n” |<1.5

_H1 Preliminary

QD) = Q) QD) # QW)
[ ctraction = {66 + 11%%

E] biraction = (34 + 11%%
—&— Data from aM fit

140

N(D* )

120

100
80
6D

beauty: e

20

0
D a0 1801 D an 130

combined o(ep — D uX)

charm: 720 =x115(stat.)+245(syst.) pb
— 1.8 * AROMA

beauty: 380%120(stat.) =130(syst.) pb
— 3.6 * AROMA
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D u — Correlations

ZEUS: yp — D™* +u+X 0* <1GeV?, 0.05< y<0.85 ~114 pb™!
pP >1.9GeV, —1.5<n” <1.75
P >14GeV, —13<n* <1.74

AR = \JAR? + Af?

AR <2 AR > 2
e 70 I L .. ™ 70 1 1 T T
g r AR <2, A<M({p-D) <5 GeV ] g AR=>2, no M{p-D) cut
: = B0 [« ZEUS(prel) 9620 1= 60} .
Y P Cross section ® beauty 1o | s ot
w50 charm {prompt p) 1 w50 T Hniike-sign p- ]
— g - [0 charm {fake p 138 .
U(ep —> b(b)X) = 240 wrong charge Kx 1240 | ]
m r m [
O C 1 0 [ ]
+3.8 A [ unlike-signp-D  S4beauty 4 30 | 13 beauty -
(1 5 1 i 3-9_4‘7 )nb C HmiesanE 1 charm [ 51 charm
20 | . 2 fakep 20 | 17 fake p
10 s - 10
SO _._,_,F..-,-;: E-
e 0 Lttt RN 4
NLO QCD (5.0_1 l ) nb 30 - ‘ 30 like-gign |.l-|:l‘ ]
’ " like-sian u-D° 2 beauty 15 beauty -
20 - resene 0 charm 20 : 2 charm
C 0 fakep [
10 i 10 |
© 014 o015 016 © 01 o015 o016
M(KMS}-M(KTI} (GeV) M{KMS}-M{KH} (GeV)
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Beauty production — Summary

>
e * H1 1 pyrel Current Status:
= 6 | ® H1p impact param. (prel.) _
— O ZEUS e p,= ~ 7 —13 for bb ducti
~ 5 | m ZEUS 1 pr (prel,) Data/QCD ~ 2 -3 pfec: uction
T 4 | 4 ZEUS Du(prel.) ¢ Independent of method p, , 0, D
O i T °
: --+$ ;
5 ? 1.1 Differential analyses have shown that
[
....................................................................... ¥....| theexcessis not localized in a
LI S NLOQCD . . ... :
— PhP — specific corner of phase space
0 1

Beauty production 1s considered to be more safe in terms of theory
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Summary

High statistics data on charm and beauty production lead to

high precision studies on the production mechanism I

_currently measure

e all models have difficulties
to describe all aspects of

heavy flavour production

more to come from final HERA-I data and even more from HERA-II
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Overview: Results on Beauty Production

J)/ LEP _

p; Tevatron

HERA-B harm " op—bX, ve=1.8TaV, K11 ]
1 meised M oan el -1 g |
— a 10 3 L [ 5_!* ~
5 . : = D@ Data
a L0 2 H UERAE M. Kidonalas ef wf. —_ . fi' ' ST (Ermars bave cormelotions]]
E ; I: . ,.I.]_l_......-.'.': * elinard o -
= a — CASCADE 3
— £ " d o Iy -
B E a Beauty F aMuonstlets :
5 A 7 DraL [ {Thie Analysla}
L ‘v 10 v ME 'T o | =Inclusive Muons E
- ‘v % F ____ NLO GCD, MRSRZ N
. k. Bonoam et el = L . Thaorstieal UneataTnty
o 1 [ | 1 1 1 1 1
LD -L 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 E T B g’1l} m 50 4‘ﬂ 'Eu m?ﬂ
400 500 600 700 800 900  LOOO 15 p™ (GeV/c)

Froton energy (GeV)

e HERA-B at lower cms energy:
Data agree with theory (large spread)

e LEP: NLO also too low for beauty
e PP FONLL closer to data than (older) NLO
e PP CASCADE describes the data

102

1wl |-

109

T I T T T T I T T T T I T T T T ]

PP — BT+X, V3 =18 TeV, [y|<1 ]
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