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Experiments

Initial states:
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Final states:
Large samples of charm and beauty events
open and quarkonia

Heavy Quark Production
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oo . _ 2ndary vertex mass ___
Heavy Quark Identification :- T
Distinguish charm and beauty from uds events (—1trigger) % 02 E _
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*  Full (or partial) resonance reconsiruction (previous slide)
*  Lifetime fag (displaced vertices, impad parameter)
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HQ Production Processes (LO)

Boson-boson fusion:

HERA, LEP: additional important contributions due to hadronic strudiure of the photon

Flavour creation from virtual boson [y, Z°, g)
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QCD Predictions

Factorization: Proton and/or Photon Structure &) Perturbative QCD &) Fragmentation

p-Structure Functions (HEiQA)
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pQCD Fragmentation (LEP)
Perturbative QCD:

Heavy quark mass provides a hard scale mc 2
Other scales: Q% p> — multiscale problem
Interplay between the different scales ?

Non-periurbative components (input pdfs, fragmentation):
Assume (and possibly tesl) universality

Consistent piciure between ee, ep, Yp,YY, pp ?
Want/need predidive power for new phenomena (e.g. LHC)
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Calculations

. . . . 2 2 . 2 2
Different approximations to avoid large terms [cvs In(1” /m2)]™ with (%= Q or p;

massive scheme: massless scheme:

¢,b: dynamically produced ¢c,b: partons in proton or photon

o I

leading NLO graphs

neglect [ In( 12 /m?)]"™ resum [as In(p® /m?2)]"

valid at ;1° ~ m? valid at ;2 > m?

Variable FNS (e.g. MRST04, CTEQ6HQ, FONLL):
Interpolate / match between massive and massless
Programs: NLO parton level or LO+PS hadron-level MC (DGLAP or CCFM)

Recent developments:
MC@NLO NLO+PS, hadron-level Monte Carlo (for pp), s.frixione, BR.Webber, 2002
NNLO predictions for F2 and F2Pb from fit to scaling violations r.thorne, 2005
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Charm Cross Sections

D* at HERA ZEUS
NA E T L] L] o T L
3 o e me=1.35 Gevj=
8 1F 3
E :
107k E
“C ; E
% 10'2_5 ®  ZEUS DIS BPC D* (prel.) 98-00 v .
g 10-3:E v  ZEUSDIS D* 98-00 ¥ ?:
- HVQDIS, M,=1.35 GeV, ZEUS NLO pdf fit 3
10-45...| TN BT BT B |
10" 1 10 10° 1 0°
Q*> (GeVY)
HERA, D* in DIS
7~ N
2 Massive calculation
a 3 -
=
z
@) i
© 1
2 1 _]
i ,
O H1 (prel.) 99-00
e ZEUS 98-00
1T = HVQDISm_ =1.35Gev
ZEUS NLO QCD fit
---------- HVQDIS m_= 1.3 GeV
CTEQ5F3
l l l l ‘ l l l l ‘ l l l l ‘ l l l l ‘ l l l l ‘ l l l l
0-1.5 -1 -0.5 0 0.5 1
n(D*)

Andreas B. Meyer, DESY
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D* at LEP
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NLO pQCD: Generdlly good description of inclusive charm

15 Large theorefical uncertainties, time fo exiract mc from data?
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Beauty Cross Sections

Beauty Production at HERA

HERA:

Many new measurements
Overall agreement between

different measurements

H1 Collaboration
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LEP:

c ok, b significant excess

General trend to be somewhat

higher than massive NLO

Large differences between different QCD calculations
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Heavy Quark Production
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Tevatron:

Very high statistics Run-l data

Theory improvements for pp
(FONLL and MC@NLO):
mainly better treaiment of
fragmentation and hadronisation
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Charm and Beauty
Structure Functions
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Heavy Quark Production
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Very precise charm data cf. P.Thompson

using photon fo probe proton siructure
confirming boson-gluon fusion picture

starting to help constrain gluon distribution

First defermination of indusive ep beauty cross section
scaling violations seen )
(F2* e.g. required for LHC, bb—H)
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Photon Structure

Photon reveals hadronic component
Distinguish between diredt and resolved contributions (leading order picture)
LEP:

spectator

single-resolved double-resolved
HERA:
— N\
e Y Y >
LLLLLLLN g

p

Direct hadron-like

¢ or b-excitation

(LO in massless, NLO in massive)

HERA: Use profon fo investigate photon: How much charm and beauty is there in the photon?
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Charm in the Photon

Disfinguish direct and
various resolved contributions

In charmed di-jet events reconsiruct momentum

fraction of parfon from photon side:
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Different angular dependences for
different resolved components
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Angular D*-Jet Distributions

* 006
D : e ZEUS 1996 - 2000 0* = L(p, D*-Jet):
é ¢ ---- HERWIG (x 2.0)
504 1 — PYTHIA (x 1.2) obs
= i . x%" < 0.75
_______ | PYTHIA: direct (x 1.2)
. Jet energy scale uncertainty D
jets
I PYTHIA: resolved (x1.2)
X;’bs > 0.75
e Y

= ".':.“--'-1! = £ e
g-Exchange: 0 _—————-

o (1 —[cosd) <— v Direction COS@* p Direction —
g-Exchange:
o (1 — |cos %)) 1 D* in photon direction: Charm coming from photon

Increase in photon direction: gluon exchange signature
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Angular D*-Jet Distributions

* 006
D i
& ® ZEUS 1996 - 2000
&
= — NLO QCD ® HAD
B 0.4 X < (.75
= . - — NLOQCD Y *
AN CASCADE

g-Exchange: 0 I R N A B A
1 o+ -2 -0.8 0.6 -04 -0.2 0 02 04 06 038
> (1 = cost) <y Direction cosO’ p Direction —
q-Exchange: . . . o
x (1 — | cos @)L NLO Calculation: Describing data w/o explicit c-excitation

contribution (however, somewhat low at xy<0.75)
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Resolved Photons vs. Scale

Compare light quark, charm and beauty in resolved di-iet photoproduction

(note different but comparable di-jet cuts for indlusive, ¢ and b) L L
beauty U-dijets in Yp_
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X b ]
Alfernative scale: Q2 5 08
. . 5 06 -
Measure charm in resolved virtual photons 2
< 04l ]
First measurements indicate litle suppression with Q2 S0z .
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o

Need more statistics for better precision (HERA-II)

Vv
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Charmonium Production

J/\ Production at CDF

10 pFo~——T7— — g . <
BR(JAp—u*w) do(pp—TAp+X)/dp,. (nb/GeV) ] NRQCD'deO"ZGhon-
Inl<0.6 ]
IE total . N B B
> o Sl ospux = Y 5(pp— ce[n] X) x LDME[n)

------ LO colour-singlet
--------- colour-singlet frag.

Long distance matrix elements (LDME)

| from NRQCD fits to Tevatron data
Assume/test universality of LDME
T S S St i S| data from other experiments (e.g. HERA,

Pr (GeV) LEP, b-factories)
pp: CS (LO) fador ~30 lower than data |

Note:
. e r\?Rgco is LO only,
07 NLO underway

kQQQQ 135] 82s+1] NLO only available for
Colour Singlet (CS) Colour Octet (CO) Color Singlet in YP
cc — J /¢ + gluon cc — J /v + soft gluons

Andreas B. Meyer, DESY Heavy Quark Production Photon 2005, 1 Sept 2005, Warsaw, Poland



Charmonium Production in Yp and Y

J/@ inyp at HERA NRQCD e e — e e J/lp X at LEP2
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310 °, ® ZEUS (38 pb b) L )/ in vy ot DELPHI - DELPHI prehm
g e © H1 (80 pb™') (scaled) R MRSTOS fit
£ B ] Jre1 e
. ii% E1I7(ZSZ((|\I:I;O, ;3132)1 | ls‘i[;] ~~~~~~~~ CTEQ5 fit
) . < og(M;) < 0. - _ B
31 ¢ 1.3 <m_< 1.6 GeV E R VS =197 Gev
? IS NRQCD -2 <Yy, <2
% .......... KZSZ (LO, CS) 8 i
$ 21
g . MyOR:
10 - : E 1=
: " } o8
-1
: CSINLO) - ¢ 0 -
10 = = I
) % ] 1 5
0 20 40 0 1 2 3 4,5 ,6 7 8 9 10
p2 (G eVv?) p; (GeV7)
: CS (NLO) dlone describes data : NRQCD ok, CS (LO too low)
P
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J/ Polarisation

THE smoking gun signature for NRQCD

Select prompt component of
J/\ sample using lifetime spectrum

Pt/ Y] spectrum
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Both Run- and Run-ll in contradiction to NRQCD

Heavy Quark Production
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Charmonium production at HERA

(kinematic range: 2<Q?<80 GeV?, 50<W<250 GeV, 0.2<z<0.9, -1.6<Yib<1.3)
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Heavy Quark Production
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Good agreement:
CS models (LO) alone
(both DGLAP and CCFM|

Full NRQCD (LO) too high

ZEUS consistent with H1

CS: slight deficiency in nom.
NRQCD (LO) too high at high z
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CLEO Y(15)—=J/yX
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BaBar e*e —J/\cc

Double c¢ Production ,F__ o
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Conclusions

*  Heavy Quark Produdtion is a rich field of research
= sophisticated measurements with increasingly large data samples & vivid theoretical developments
Charm Produdtion: All about precision !
Proton strudure: Precision ep data starting to consirain pQCD
*  Phoion siructure: Charm and beauty coniributions to photon being explored
*  Beauty Produdtion: Many new measurements !
*  Theory improvements leading to converging picture (fragmentation, hadronisation)
= High cross sections at LEP still unexplained
Quarkonia: Still causing some trouble
Production process (rates and disiributions) not quantitatively understood
*  NRQCD (LO) appears fo be being disproved, (redious) NLO calculations underway
" New Resonances:
*  Large shatistics give access fo new frontiers in the undersianding of QCD
*  Quantum numbers being studied
Possibly new production mechanisms to be explained

More data, more surprises:  Expedt many new insights still at HERA, Tevairon & b-factories
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