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Introduction, Theoretical Framework

e Charm Tagging, Fragmentation e Beauty Tagging
e Charm (+jets) in DIS e Beauty (+jets) inDISand v p
e Charm (+jets) in Photoproduction e D* — 1 Correlations



Introduction - Basics

eHeavy flavour production dominated by Boson Gluon Fusion (BGF) in LO

Yg — cc or bE E&27.6 Ge\>l ' E920 GeV

e (K) N (k') ep Kinematics: /s=300, 320 GeV

Q2 : 4-momentum transfer squared
o x . Bjorken x

y . Inelasticity

W . Mass of the hadronic system

Two kinematic regimes:

\_/ Q°~0 — Photoproduction
Q? > 2GeV? — Electroproduction “DIS”

proton (P)

eFactorization:

Proton structure ® o, 05 ® photon structure @ fragmentation function
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Introduction - Strong Interaction
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ePerturbative QCD applicable
should work better for beauty than for charm

Proton structure ® o, 55 ® photon structure ® fragmentation function

e HEAVY FLAVOUR PRODUCTION AS A TEST OF HARD QCD
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Introduction - Proton Structure

gluon density
in the proton

N L .
oo | E=QCD Fit (H1) e D' (DIS)
< | ® D (yp)
N r
2
o | .
o | zg - g(zg, Q°)
15 -
10 -
| c
L je)
5 @
A2 2 'c%
Q =20 GeV =
@]
T
0 — - - -
10 % 10°° 102 10"

Proton structure ® o, ., ® photon structure ® fragmentation function

[1 Universality of the gluon density
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Introduction - Proton Structure
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Proton structure ® o, ., ® photon structure ® fragmentation function

[] Large charm contribution to F5
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Introduction - Proton Structure

Parton Evolution a la DGLAP bokshitzer

Evolution in Q? Gribov
+ + Lipatov
€ € Altarelli
Parisi
+ + , ')/
e (k) e (k)
xr v on shell
;j—b—
/ %m
gw no intrinsic k;
TEE T
?WY

o
\J o +E

infinite momentum frame

proton (P)

Proton structure ® o, 5 ® photon structure & fragmentation function

[1 Rigorously valid only at large =
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Introduction - Proton Structure

Parton Evolution a la CCFM catani

Evolutioninn = — Intan ©/2 Cafaloni
+ + Fiorani
€ = Marchesini
+ + o, off shell
e (k) e (k)
h T /
s :
intrinsic k;

proton (P)

incorporates DGLAP at large x

Proton structure ® o, 5 ® photon structure & fragmentation function

[1 Valid for all =, but incomplete
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Introduction - Photon Structure

Direct Process (pointlike photon) Resolved Photon

N (k) ot (k') hadron-like
___ Gluon-Gluon-Fusion

QO
Q
Q
Q

¢ Charm

g -EXxcitation

proton (P)

q-Propagator g-Propagator

Proton structure ® o, ,_, o5 ® photon structure & fragmentation function

e Large resolved component in ~p (details later)
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Introduction - Fragmentation

e non-perturbative effect in strong
interactions
e described phenomenologically

Questions to Charm Fragmentation
e Fragmentation probabilities for

— different Hadrons with charm?

e Isospin conserved ?

e Ratio of vector (D*) to pseudo-
scalar (D) mesons?

e Strangeness suppression?

e Fragmentation function?

proton (P)

Proton structure ® o o® photon structure ® fragmentation function

v9—Q

Is fragmentation universal ?

Heavy Flavour Production at HERA

Karin Daum, University of Wuppertal




Introduction - Theory and Models
oy~ fPRGR fTQD(2)
Calculations in the DGLAP scheme

pQCD calculations in NLO
fixed order, massive scheme:

HQ produced dynamically: MC generators (ME + PS)
pt < myg * AROMA; |
e ~vp: FMNR (Frixione et al.) direct only, LO DGLAP evolution
e DIS: HVQDIS (Harris & Smith) * PYTHIA, RAPGAP, HERWIG:
Resummed calculations in NLL direct + resolved,LO DGLAP
all orders, massless scheme: o CASCADE:
HQ in v or p; pr > mq direct only, CCFM evolution,
e Cacciari et al., Kniehl et al.,. .. initial state: full calculation
’Matched’ scheme FONLL final state: LO |
fixed order + NLL scheme k+ dependent gluon density
Incorporate mass effects up to _
NLO, avoid double counting Fragmentation:
e Cacciari et al. non perturbative models

. m— Heavy Flavour Production at HERA
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Introduction - A Challenge

e Heavy flavour production at HERA is
a multi-parameter problem
e Additional uncertainties due to
e (K) e (k) — heavy quark masses m. and m;,
— renormalization and factorization
scale

e Charm production is a significant part
of the ep cross section

e Understanding of charm production is
partly limiting the accuracy in other
physic topics (e.g. F>5)

proton (P)

Proton structure ® o, ,_, o5 ® photon structure ® fragmentation function

[1 Detailed study of heavy favour production needed !
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CHARM Tagging Methods

6000

5000

4000

Combinations / 0.2 MeV
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ZEUS

e ZEUS (prel.) 1995-2000 (127 pb'l)
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: D*:l: N Doﬂ.élz
} < KFgpt

T 1 T ‘ T T 1 ‘ T T ‘ T T 1 ‘ 1 1 ‘ 1 1
-
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M(KTTL) - M(KT) (GeV)

Tagging via reconstruction
of hadrons with charm

Gold plated channel:

D** — DOr%

L, KFn+

e 2-body decays
e mp= — mpo = 145.4MeV
close to m,
= small background
BUT: tagging rate:~ 0.006
— try to reconstruct other decay
modes and other hadrons with

charm

Karin Daum, University of Wuppertal
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CHARM Tagging Methods
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Charm Fragmentation Parameters

ZEUS: reconstruct all charm ground states, D*, D°, D Ar and D** ~ 66 or 79pb—1!
Determine from data:

ZEUS prel. (vp) Combined H1 prel. (DIS)
Pr(D,A.) > 3.8GeV, [n(D,A.)| < 1.6 ete” data
f(c — D) = 0.249 4+ 0.0147)003 0.232+0.010  0.202+0.020719:945 +0.029
f(c — D" = 0.557 + 0.01979-0% 0.54940.023  0.6584-0.05410:115 +0.086

f(c — D) =0.107 £ 0.009 + 0.005| 0.10140.009  0.1564-0.0437) 955 +0-0%

f(c — A}) = 0.076 4= 0.020" 051 0.076 + 0.007

f(c — D*t) = 0.223 &+ 0.00910:903 0.23540.007  0.26340.01970:056 +0.081

charm fragmentation fractions are universal

— HERA errors competitive!
Ry jds Vs V/(P + V') also determined and in good agreement with w.a.

, m— Heavy Flavour Production at HERA
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Measurement of the Fragmentation Function into D**

Q2 < 1GeV?; 130 <W,,< 280 GeV pP" > 2GeV; [nP7] <1.5
Requirements: D** belongs to a jet with E{Fet >9GeV and |n/¢t| <2.4

ZEUS Lin=120pb~!

e ZEUS (prel.) 1996-2000 k¢ Jet algorithm

—— PYTHIA
fffff HERWIG
400 =[] PYTHIA : Beauty

300 {{ ---------

Events

hadrons

Fragmentation process

200 |- outgoing parton (E—|—pH)D*
i Hard scatter £ = "2 Ejet
100 - PYTHIA (sym. Lund+Bowler)
: ; H agrees with data
0 Y s o5 T HERWIG (Cluster model)

Z IS too hard

. m— Heavy Flavour Production at HERA
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Results on Fragmentation Function

N 2.5 2 C
g e ZEUS (prel.) 1996-2000 E 35 [ |® ZEUS (prel.) 1996-2000: EJ* >9GeV,ZE(E+p")D*/2Eja
'8 PYTHIA (Peterson) ; i O OPAL Vs=912GeV,z=2E. /s
= 2 + § 3 O ARGUSVs=10.6 GeV, 2 = p,./(Eogm - M+ )
=
< 25 -
15 %
I b % % %
1 b 15 |- i %
A \ 10
05| [/ .  Fitte=0064£0006%0s - : %
- : 05 -
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O \ I I I \ I I I \ I I I \ I I I 0 L I I \ I I \ I \ I \ Q
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< L) <

no g — cc visible in ARGUS and ZEUS data

1
f(z) 2(1-1/z—¢/(1—2))?

e = 0.064 + 0.006 79011 (7Eys prel) different definitions of z!

—0.008 qualitative agreement
e = 0.05 (PYTHIA default)

¢ = 0.053 (LL fit to ARGUS data Nason, Oleari) ~ Fragmentation function universal?
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<1.5

e NLO QCD low

e CASCADE (CCFM)
better

confirms 96+97 results

e RAPGAP (LO+PS) high

e Shape of n distribution
well described
by CASCADE only
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Jet Cross Section with D* in DIS

H1: D* and 2 jets (inclusive k; algorithm in Breit frame) 1999,2000 47 pb~!
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Jet Cross Section with D* in DIS

H1: D* and 2 jets (inclusive k; algorithm in Breit frame) 1999,2000 47 pb~!
I >4,3GeV; —1 < 12 <2
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D* Photoproduction

[EY
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|
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----- Cascade

No electron tag

Q? < 1GeV?; 130 <W,,< 280 GeV

p? > 1.9GeV;

n?’| <1.6

79 pb—1

Large theoretical uncertainties due to

scale, mass and fragmentation

uncertainties

e NLO below data
(low pp, n > 0)

e FONLL not better
even below NLO at high pp

e CASCADE too hard

Electron tag:

49 pb—1

Q2% < 0.01GeV?; 171 <W,,< 256 GeV

pE > 2.5GeV,

Karin Daum, University of Wuppertal
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D* Photoproduction double differential distributions
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D* + Two-Jet-Events

ZEUS: vp — D** 4+ jj + X ~ 120 pb-!
o [ T T N S p%*>3GeV
Q25 ¢ ® ZEUS 1996 - 2000 | | 5 _ jet -
=~ | -~ CASCADE (x0.7) | | 2 jets: B > 5GeV, [n/¢] < 2.4,
S P HERWIG (x 2.1) ‘ ‘
.c>§> 2 - —— PYTHIA (x1.2) Mj; > 18GeV
B - F3 PYTHIA: resolved (x 1.2) . _ o
©15 [ .77 Jetenergy scale uncertainty _,./'/'./'/ ] Momentum fraCtlon Of phOton In jetS.
i ] o j —nd
1r i . 20bS 21,50 (Epe™™)
: o f K 2yFEe
05 ﬁi B
i ENES e 1
oL . L
0 0.2 0.4 0.6 0.8 1
obs . . . .
== Xy e Significant contribution from
Resolved-~ Direct

resolved (~ 40%)

e MCs: good description of shape
o CASCADE different at high x9S

e NLO below data at low z°PS

~
(not shown)
Heavy Flavour Production at HERA

Karin Daum, University of Wuppertal
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D* + Two-Jet-Events

ZEUS: vp — D** 4+ jj + X
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. v e Significant contribution from
Direct
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independent of Q2

e MCs: good description of shape
o CASCADE different at high x9S

e NLO below data at low z°PS

(not shown) K
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Charm: Di-jet Angular Distributions (Lo Picture)

)
o

2 ! e ZEUS 1996 - 2000 0* = L(p, D*-Jet)
,%’ i I - HERWIG (x 2.0) D*, jety
3 0.4 Jr - — PYTHIAK1D) S < 0,75 .
LS / ] PYTHIA: direct (x 1.2) 0 D
c% i 777 Jet energy scale uncertainty _
| I SN Jet2

Jet-Jet rest frame

(o]

0
1
g-exchange:
x (1 —|cosf*|)—2 i
g-exchange: 0.5 i

x (1 —|cos@*|)~1

008-06 04-02 0 02 04 06 08
~ ydirection cosh p direction - p

obs - 0.75

LO Picture: e Strong rise in do/d cos 6" towards ~y direction for =5

e Clear evidence for charm from the photon

. m— Heavy Flavour Production at HERA
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Charm: Di-jet Angular Distributions (Evolution Scheme)

« 0.6
% ® ZEUS 1996 - 2000
S 04| L = NLOQCDOHAD
— U. T bs
b l 3 —_ - XO < 0.75
3 iy NLO QCD Y
By e CASCADE
Y
02 =1 ¢
CCFM 0l e S

(angular ordering)

0* = L (p, D*-Jet)
D*
9*

jety

p
Jeto
Jet-Jet rest frame

DGLAP NLO

on shell

no k;

1
) i
off shell |
05|
Intrinsic
ky i
; 008060402 0 02 04 06 08 °
oCD — ydirection cosd’ p direction —
Schemes:

e NLO DGLAP ok for a:,?bs > 0.75, but too low for x,?bs < 0.75

e CCFM (Cascade) ok in shape, but too high in cross section

Karin Daum, University of Wuppertal
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Charm Production - Summary

Fragmentation Probabilities and Fragmentation Function measured
agrees with results from other experiments (with some reservations)
Charm fragmentation universal in high energy physics?

Inclusive D* production in DIS
CASCADE: good agreement with data, other models fail

D* plus jets in DIS
Problems of all models in describing o (D** + j4) vs. o( D*¥)

Inclusive D* in photoproduction
Problems of NLO QCD and CCFM to describe the data

D* plus jets in photoproduction
Sign of a large charm component in the photon in the LO+PS picture
Sign of the off-shellness of partons in QCD calculations?

[1 A good step forward, but still far from understanding charm production

Heavy Flavour Production at HERA
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Beauty Tagging Methods

. . ZEUS
op;/0cz ~ 0.005 in~vyp, ~ 0.02 - 0.05 in DIS o
g ® ZEUS (prel.) 99-00
Rate small but theory should be more reliable Y ode S e charm MG
Hl Beauty MC
Semileptonic B decays in 2-jet events ’
Jet axis e Large B-Mass:
' p¢ of p relative to the jet |

£, ~ (25 +5)%
0 0.5 1 15 p;d (Gev)

— —
e Data (prel.) |
— Fit 1
1 beauty
== charm
mm fake muons |

Muons / 50 pm
=
o

e Long B-Lifetime:
© Impact Parameter
fo ~ (26 £5)%

-0.1  -0.05 0 0.05 0.1 0.15

.0
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do/dpk (pb/GeV)

10

B in~vp: 1996-2000 Results

ZEUS: pr¢l Method

Q2 <1GeV%02<y<0.8

p—>bb—>eJJuX

jet1(2)

2 jets >7 (6)GeV; |np7¢t| <2.5 98 pb-

pT > 2.5 GeV; -1 < nt < 2.3

p—>bb—>€j]X

34 """" LN B L L DL B = [T RN AR RARRY
I glgg(epﬂbﬁaejj M X) e I E (ep bb - e jj u X) 2 i ﬂﬁmeas (ep ~bb e jj X) |
- = - © 2500 - Y -
Q’<1GeV’ 0.2<y<0.8 | 5 35  Q%1GeV? 0.2<y<0.8 7E hoeoo 1 E~ I ]
§ piB76Gey i2s | B | P76 Gev |25 E. Ntz(p::eD.) g:? ?,0 15 Q<1 GeV" 0.2<y<0.8
______ S -1.6<n"<2.3 s _ I 152 5 Gev QCDxhadr. 3 3 plt2>7,6 Gev  |nl<2.5
30  Ppesbev e NLO QCD 1 © -
® ZEUS (prel.) 96-00 i 2000 - .
- i 3 NLO QCD x hadr. ] [ ® ZEUS (prel.) 96-00
- NLO QCD 25 ] | == NLOQCD x hadr.
""""""""" _ . - ---- NLOQCD
i - 1500 - =
20 | J[ ] - e
15 r 7] 1000 -_ =
i [ : [
I ................... 10 b { .
C . - 500
M 5 —%—— [
by | == s :
e o b e by by | IR I BT S AR AR O-I....I....I....I....I....I....I....I.. O
3 4 5 6 7 9 10 -15 -1 -05 0 0.5 1 1.5 2 " 0 Ol 0.2 0.3 04 05 06 07 08 09 1 a
P (GeV) n X

Comparison to NLO QCD: péﬂ and n* in visible region, ok within errors

For z-, extrapolate muon phase space (PYTHIA),
Factor 2 disagreement

Karin Daum, University of Wuppertal
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Beauty in DIS

ZEUS: ep — bb — ejuX

—_ T ‘

e ]
> + + 0 + :
O olep-—>e bbX —>e p JetX) -
Q [

g | i @ ZEUS (prel.) 99-00

0 O(a) QCD® CCFM (CASCADE)
1 - === O(a,) QCD@ DGLAP (RAPGAP) -
o C ]
© 3
© I

. f - : 0.05<y<0.7
10 ! P,>2GeV,30°<8, <160°
i Bre" >6GeV, -2 < qLab <25
: tJet
|
|
|
5 I E ,,,,,,,,,,,,,,,
10 i
F ——  NLOQCD (HVQDIS) |
- [] 45<m, <50GeV
- UaQ%+4m?) < p < 4(Q%+4m?)
-3
10 | | | | | 11 1 ‘ | | | | | 11 | ‘ 2 | | | | | 11 | ‘
10 10 10
2 2
Q" (GeV)

Q2 > 2GeV?2,0.05 <y < 0.7 ~60p
1 muon, p. > 2GeV

1jet: B¢t > 6 GeV

oVis = (38.7 £ 7.7725) pb

® QCD NLO (DGLAP) ok within errors
NLO (Harris et al): oIS = (28+5 3)

e CASCADE (CCFM) good agreemen
oV1s =~ 35pb

e RAPGAP (DGLAP, LO+PS) too low

Karin Daum, University of Wuppertal
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Heavy-Flavour Double-Tag: D*u — Correlations

c-b separation using charge and
angular correlations

Hl. vp - D**+p+ X ~ 90pb~!
p7 > 1.GeV, |np#| <1.74,0.05 < y < 0.75
pR > 1.5GeV, [n#| <1.5

140-H1 Preliminary

H1

Q(D) = QW) Q(D) # QW)
|:| ¢ fraction = (66 * 11)%
b fraction = (34 + 11)%
—e— Data from AM fit

OII|III|III|III|III|III|III

N, =125 + 20
60~ N, =65 +20
40 T ‘
20 + I AROMA
0
90 180! 0 90 180
A D [°]

combined D* (AM) + D*u correlation analysis
o(ep — D*uX)
charm : [720 £ 115(stat.) 4= 245(syst.)]pb
— factor 1.8 above AROMA
beauty: [380 4+ 120(stat.) & 130(syst.)]pb
— factor 3.6 above AROMA

Heavy Flavour Production at HERA
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D> — Correlations

ZEUS: ~vp > D*t 4+ pu+ X
pP > 1.9GeV, —-1.5 < nP" <1.75,0.05 < y < 0.85

pl > 1.4GeV, —1.3 < n* <1.5

|l PYTHIAMC |

~p Cross section
(for g° < 1, Q2 < 1GeV?)

o(ep — bbX) =

(15.1 £ 3.9722)nb

NLO QCD: [5.017] | nb

candidates / MeV

70

60

50

40

30

20

10

20 -

10

~ 114 pb-

AR = /A2 + A¢?

AR < 2

" AR<2, 3<M(u-D)<5GeV -
N e ZEUS (prel.) 96-00 ]
beauty ]
T =—9 charm (prompt )
- [ charm (fake p)

- [ ] wrong charge Kt

34 beauty -
1 charm

- unlike-sign u-D°

2 beauty
Ocharm |

- like-sign u-D*

05
M(Kmat)-M(Km) (GeV)
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candidates / MeV

70 —

60

50

40

30

20

10

20

10

AR > 2

AR >2, no M(u-D) cut

3 E unlike-sign p-D’ ]

- 17 fakep -

13 beauty -
61 charm

like-sign u-D*
15 beauty

2 charm |
22 fake p

‘O. ‘16‘ o
M(Ktat,)-M(Km) (GeV)
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Beauty Production Summary

> | |
5 * H1 U ptrel
2 6 | e Hipimpact param. (prel.) -| Present results show:
— O ZEUS e p,re B
= | ®ZEUSupe (prel) i Data/QCD~ 2 for bb production
E A ZEUS D p (prel.) + rel «
S 4r ;l; 1 | x Independent of method (p7**, 6, D™ )
3 L +$ A i | and independent of experiment (H1 or ZEUS)
2 1l - Differential analyses have given new insights:
1 [ NS OED } - Excess is not localised in a specific
o PP oo corner of phase space, e.g. in py, 1 or x>
1 10 10°
2 2
Q° (GeV)

Reminder: Beauty production is considered to be more safe in terms of theory

[1 A good step forward, but still far from understanding beauty production
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Summary

proton (P)

Proton structure ® o, ,_, o5 ® photon structure ® fragmentation function

, m— Heavy Flavour Production at HERA
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Summary

e High statistics charm and beauty production
data are used for detailed studies on the pro-
HERA looks duction mechanism

here
proton (P)

Proton structure ® o ~ ® photon structure ® fragmentation function
Y9—QQ
Results: T here T here T here T here

, m— Heavy Flavour Production at HERA
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Summary

HERA looks

here
proton (P)

High statistics charm and beauty production
data are used for detailed studies on the pro-
duction mechanism

The question of the heavy quark masses has
not been addressed yet experimentally
More to come from final HERA-I data and
even more insight from HERA-II

None of the models describes all aspects
None of the QCD calculations describes all
aspects

Precision of data much better than theoreti-
cal uncertainties

Proton structure ® o ,_, 15 ® photon structure ® fragmentation function

Results: ﬂ“ here

TT here

TT here TT here

[1 More theoretical effort needed !

Karin Daum, University of Wuppertal
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o(bb) (nb/nucleon)

Overview: Beauty-Production: The World

HERA-B Y7y LEP pp Tevatron
 pp—bX, vs=1.8TeV, WI<
a 10 3L 104k
2 B HERA-B N. Kidonakiset al. ,?: (Error?k%veDSoESelctic
10 =
a 103
) NG — CASCAD
1g 10 2 C aDi
10 '3 od] Dimuons
*o - aMuons+Jets
1 v OPALD' | ? i (This Analysis)
1 ‘o 10 F TALEEH B |* 10 | eInclusive Muons
‘o [ 7 TOPAT R tept. mymsscov.. > - NLO QCD, MRSR2
R. Bonciani et al. © I K%ﬁgglg"%lnﬁ?t' s mb's'"g/‘:i;,/,/,:)/_ig’:::’_ - Tl'reoreticol Uncertainty
17 e ol e o e ‘ ‘ P
N R E R S BRI AT = 6 7 8 910 20 30 40 50
10 400 500 600 700 800 900 1000 T e p™" (GeV/
Proton energy (GeV) Vs (GeV) e
pp - BT+X, Vs =1.8 TeV, |y|<
103 dashed: pp=pp=po=V(m;+p
e HERA-B at lower cms energy: 3 Solid: 120/2 < ppbie < 2o
. N
Data agree with theory (spread large) A crsaew
m e 10 ? S my = . €
e LEP: NLO also too low for beauty £ | dotted: Peterson, s ((b2B)=0.375
— o I e = 0.006
e pp. FONLL closer to data than (older) NLO c 0L
_ ] 10° ®: CDI data \\
® Dp: CASCADE jUSt as good Theory: FONLL with N=2 fit T
100 I T R
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