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Heavy Flavour Production in ep Scattering

[ Mechanism: Boson gluon fusion Direct’
ef

d Expect 2 charm/beauty jets back to back
A Different scales to make ag small:

OQuark mass (fully inclusive photoproduction)
QJet p; (photoproduction with jets)
QPhoton virtuality (deep inelastic scattering DIS)
d Theoretical challenges:
OMassive vs. massless treatment of heavy quarks
Qlntrinsic gluon k;
ODirect vs. resolved production
d XYObSZ Fraction of photon momentum carried

by jet pair: Distinguishes between direct
(X, ~ 1) and resolved (x, << 1) production
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Charm

Techniques:
d D* tagging
d Lifetime tagging

Results:
d Charm + jets cross sections
 Inclusive cross sections in DIS
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Charm Tagging via D* Production
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0 Well described by NLO QCD zous e ozt
d Q2 evolution measured over 4
orders of magnitude

Benno List, Moriond QCD 2006 5 Heavy Flavour Production at HERA



Charm with Jets in Photoproduction

D* 4 other jet

J H1 measurement:
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Dijets with Charm: Testing NLO QCD

Jd Leading order: Quarks are back-to-back
d Additional gluons: Angle between jets smaller than 1

J ZEUS measurement: Direct* ,Resolved"
(X obs>().75) ZEUS (X obs<().75)

:#" =075

IR ML GCT fmassve)
T NLO QOO st @ had,

QDijet event in photoproduction
QD* tagged
A Direct part (x,°°5>0.75):.
OReasonably described by massive
NLO QCD (FMNR)
1 Resolved part (x,°b$<0.75):

ONLO QCD undershoots data at
small opening angles
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Charm in DIS (F,¢¢): The Harvest from HERA-I
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ZEUS, PR D69(2000)012004.

d NLO QCD fit with gluon from inclusive DIS fits well 1, erJ c4o 2005 340.

H1, EPJ C45 (2006) 23.
d At low QZ: Slight deviations; Charm constrains gluon better than F,
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Beauty

Techniques
d Lifetime tagging

J Semileptonic decays:
Jets+Muons

QRelative py
QOAdditonal lifetime information

Results:
Q Inclusive cross sections (F,bP)

 Visible cross sections

Benno List, Moriond QCD 2006 9 Heavy Flavour Production at HERA



Inclusive Beauty Cross Section: F,bb

d H1: Uses lifetime tagging to extract :
charm and beauty together =
QFirst measurement of inclusive b g w0l

production at HERA R

OReasonably well described by NLOQCD | #°

 First NNLO calculation available!
(Thorne hep-ph/0506251)

« H1 Data
[+ HI Data (High ) x=0.032
L — MRSTM i=0
10 -2__ -— MRST NNLO —:I’—‘
F — CTEQ&HQ :
10 o
10 10~ 105, 4
Q" fGeV

H1, EPJ C40 (2005) 349.
H1, EPJ C45 (2006) 23.
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Measuring Beauty Production with p+jets
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Visible Beauty Cross Sections

At low Q2<10GeV=:
Significant excess

J Excess at low x more
pronounced

J A surprise:
Would naively expect

da/dQ’ (pb/GeV?)

even better description
than in charm case due <
to higher b mass :
Q Interplay between g
scales Q2, p¢, and my2?
10
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Beauty with Dijets in Photoproduction

J H1 analysis:

% 1n5% ® H1 Data (prel.) al
OPhotoproducion data 2 roe s
Q2 jets with p>11 (8) GeV T
QFit impact parameter distribution
from silicon vertex detector for c&b fractions
d Jet p; larger than c, b quark mass -
E ; 0:1 Data (prel.} bl
J Excess over NLO QCD, 4T e
mainly at low x,°Ps (resolved region)
BEAUTY BEAUTY
> " ) ® H1Data (prel) E E g HiData(prel) ]
Q 1w dedlr - op-> bk -six) ----- Pythia dir. + res. = = --—— Pythia e ° e bBX -efiX)
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i3 | ; . ¢ ] -
oL i S e o s mf_l ———— publication in EPJ in progress
pr(' [GeV] 0.2 0.4 0.6 0.8 x-.:qr,‘
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More Beauty than Expected

d All measurements

. . . o - rel
consistent with a ratio S ® o W R o
data/NLO of 1.6 22 8 v H F2® (high Q%) Impact Parameter

] b -l A HI FY (low Q%)  Impact Parameter
A Theory error (not shown) % xR e o
typically ~10% T B EeL e
. 5 4 O zeus DIS: o, (ejuX)
d Improved theoretical ¥  ZEUS|Prel. D"y ' pC‘orraIatians
. ZEUS |Prel. uu Correlations
understanding needed S J .

4 ... and underway: e % Jr {} }‘ :
QNNLO calculations coming 2l ¢¢$ ; % f o § 5
QCalculations taking gluon k; 1 [ 000 M0 (massive : ; 3

into account T ' ' *

Q2 zmbz
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Conclusions and Outlook

d Charm production well described by NLO QCD
d Charm data precise enough to constrain the gluon at low Q2
d Beauty production: headed for precision

OData above NLO predicition
d More and more HERA-II data coming in: the future is bright!
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Backup slides
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From HERA to LHC

LHC parton Kinematics

i E | L LLALL BN ALLL AL B, B . .
= (W14 TeV) expley 1 HERA provides precise parton
' Q=M M=10TeV densities needed by LHC for
i background and signal
0" g .
calculation
10* E

d HERA data pushes theory:

ONNLO calculations

OEvolution equations
(at s,5+>350GeV, top is , light™!)

L M =100 eV i sisonme e

o (GeVH)

0" g OUnintegrated gluon densities
o = M=10 Gev
10'
Iﬂn -'.' - “““IE — ..-. o -. o ? III I | L]
[ 1 1 1O SV Lo L[ 10

X
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Recent Results Not Covered in this Talk

4 J/psi Production:

QHA1: Elastic J/psi production at HERA, arXiv:hep-ex/0510016.

QZEUS: Measurement of inelastic J/psi production in deep inelastic
scaftering at HERA, EPJ C44 (2005) 351 [hep-ex/0508019].

d Fragmentation:

OQZEUS: Measurement of charm fragmentation ratios and fractions in
photoproduction at HERA, EPJ C44 (2005) 351 [hep-ex/0508019].

QH1: Inclusive production of D*, DO, D.;* and D™ mesons in deep
inelastic scattering at HERA, EPJ C38 (2005) 447 [hep-ex/0408149].
QH1: The Charm Fragmentation Function in DIS, H1prelim-05-074.

[ Charm in Diffraction

OHA1: Diffractive D" Meson Production in DIS at HERA, H1prelim-04-
111.
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Deep-Inelastic ep Scattering

 Virtual photon of virtuality Q2=-g2 acts as y(q)
pointlike probe

 Bjorken-x is momentum fraction of parton out
of the proton

3 ,Light” quark scattering (m,? << Q?) is
described by a parton density within the
proton

d Heavy quarks are produced dynamically by
Boson-Gluon-Fusion

 Structure function F,: Inclusive cross section,
kKinematic factors divided out
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Theoretical Challenges

3 Multi-Scale Problem: Hard scales Q2 mQ2, pT2
A Treatment of Quarks: € &

O, Massless” quarks for mQ2 < Q?

OMassive quarks for mg2 > Q2

OTransition region Q2 = mg? difficult

OAdressed by

Variable Flavour Number Scheme VFNS
(Lai, Tung; Chuvakin, Smith, Harris; Thorne, Roberts) P

J Monte Carlo

QLO Monte Carlo available (Pythia, Rapgap, Cascade)
ONLO Calculations (HVQDIS), no full MCs with hadronization

Q=> use LO MC for detector and hadronization effects,
compare x-sections to NLO results
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Heavy Flavours and the Gluon

d The gluon in the proton:

ODrives the QCD evolution of the structure functions
(at higher Q2 = higher resolution, more quarks at low x are visible)

OGenerates heavy quarks via boson-gluon-fusion

4 Gluon extracted from inclusive structure function measurements
should lead to a correct prediction of charm production

d Heavy flavour (especially charm) production measurements can
improve knowledge of gluon density in the proton

J Note: Charm contributes up to 35% to proton structure at high Q2

Q2
——————————————

Benno List, Moriond QCD 2006 21 Heavy Flavour Production at HERA



Charm from an Inclusive Lifetime Tag

4 Central Silicon Tracker resolves track impact parameters
 Measure Significances S, = 3,/a0, , order them: S; > S, > S,

 Use subtracted spectra to extract uds, ¢, and b
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Lifetime Tagging: D* Signal

Combinations

2000 < ZEL B

1.7 1.8

ZEUS preliminary 04-033 :
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b Cross Sections at HERA
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Rapity Distributions

J Both experiments observe excess in forward direction,

l.e. in direction of the proton remnant

da/dr” (pb)

—
en

—
[ ]

EEUD

F(b)

& FEUSS00

[ B NioQcD@Had.Corr, T
- NLOQCD (HvaDis) |

ZEUS, PL B599 (2004) 173.
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Fragmentation Ratios

J Measured by H1 and ZEUS

J Results consistent with ete- data and of comparable precision
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The Gluon at HERA
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