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« HERA world's first and to date only lepton proton collider

» ep interactions at centre-of-mass energy of 320 GeV*2




Motivation

Why studying heavy flavour physics at HERA ?

HERA physics allows for precision tests of perturbative QCD
and constrains quark and gluon density inside the proton

Heavy Quark Production might help to distinguish between
different theoretical approaches to include mass effects in
perturbative QCD

Heavy Quark Cross Sections constitute a significant Standard
Model background to searches for new physics at the LHC




Heavy Flavour Production at HERA

« At HERA Boson-Gluon-Fusion (BGF)
dominant production mechanism for
heavy flavours

* Event Kinematics:

Q’=-q" =-(k-k')’
y =(qp/(kp)

X =Q/(2pq

» Kinematic Regimes:
Photoproduction: Q=0 GeV*

Deep Inelastic Scattering: Q*=>1 GeV?




Motivation to Measure Heavy Flavour
Production
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 Factorisation Theorem:
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Parto_n density pQCD matrix Fragmentation
function (from  glement function (from
global fits) ee data)

E(e)=27.5Gev L7(q)

» HFL production constrains quark :
- and gluon density inside the proton :

* For a given parton density HFL
: measurements constitute precision :
: tests of QCD :




Mass treatment in pQCD

massive massless

- g
: b —(SX

p

General Mass Zero Mass
Fixed Flavour Variable Flavour Variable Flavour
Number Scheme Number Scheme  Number Scheme

valid at low Q? transition valid at high Q?




Heavy Flavour Tagging

* Production rates behave like: |
o(b) : o(c) : o(uds) =1 : 50 : 2000 Full reconstruction

« Charm and beauty enrichment requires the
application of various techniques: 2" vertex mass tag |

1.) Full reconstruction Lifetime tag|
2.) Lepton tagging

3.) pT(rel) tagging

4.) Lifetime tagging

5.) Vertex mass tagging

; _ | Lepton tag_|
» Analyses discussed today include: e, n

1.) D*: full reconstruction [p," tag
2.) Low pT analysis: electron tagging

3.) Muon analysis: lifetime techniques

4.) Inclusive analysis: combined techniques
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Charm in photoproduction with D*
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Charm Tagging: Ty T T
L wewo HT H1 |

: « Full reconstruction of : | 2=
D* candidate 5 i

do/dn [nb]

* Data

: » Require 2 jets with _ ZZ %% wcanLo
1 1 1

pT(jet1) > 3.5 GeV

8 1012z 14
p,(D* jet) [GeV]

D* candidates
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Data tends to overshoot NLO predictions,
reasonable agreement within uncertainties
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s | Eur. Phys. J. C72 (2012) 1995
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Beauty with di-electrons in photoproduction
near threshold

H1 Beauty Cross Section
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Focus of analysis:
* Low pT(b-quark) @

e b-tagging with two
:  low pT electrons

10° g —
- ep—ebbX

Inibl, bl <2

104 = 0.05 < y < 0.65

= Q* =1 GeW*

¢+ H1 Data
—— NLO QCD (FMNR)
u? =114 (md + <P (b)>?)
0.5 u <2 u
4.5 GeV < m < 5.0 GeV
POF = CTEQGM
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» Good agreement with
- NLO QCD predictions

: « Measurement of cross

. section extends to
lowest pT(b) values
ever measured in ep
collisions

data/NLO QCD

< P4(b) > [GeV]

DESY 12-072, submitted to EPJC




Beauty in photoproduction with dijets and
muons

EL L L LT L L LR RN 2

: Signal Extraction: T . F * 1 pawm o7

I - --ecMc

E * = uds MC
F —— sum MC

* pT(rel) to muon jet

» Impact parameter

-+ 2D template fit

b MC .
-= c MC —

: Event selection: : = 11 Do oeror ]

= uds MC

« 2 jets pT(jet) > 7(6) GeV e

* 1 muon, pT(rel) > 2.5 GeV
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Beauty in photoproduction with dijets and
muons

H1 Cross section: ep— ebbX— ejjuX H1 Cross section: ep— ebbX— ejjuX
4 H1 Data 06/07 ]
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Beauty with dijets and secondary vertices in
photoproduction

Heavy Flavour Tagging:

0.8<m,, <14 GeV

» Decay length significance

« Secondary vertex mass

2=m,, <7.5GeV

+ ZEUS 133 pb"
[ ] PYTHIA (If+c+b)
— PYTHIA (If)
[ |PYTHIA (c)

* Require at least 2 jets with s o d 7] PYTHIA (b)
pT(jet) > 7(6) GeV '

Event Selection:
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Beauty with dijets and secondary vertices in
photoproduction
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« Data and MC agree
- within large theory
uncertainties

== HLD QCD & had (CTEGQSHM)
10 15 20 25 30

* Renormalisation scale :
dominant uncertainty for :
NLO QCD predictions :




photoproduction

HERA
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dd’dp: (ep — ebX)

? Q<1 GeV? 0.

H1 87-00 D"
H1 95-00 b jet

H199-00b —~ ujot
H1 b — oo

H1 ipral) DBOT 1 Jot
ZEUS %697 b —
ZEUS %600 b — D"
ZEUS 9600 b — 1
ZEUS 9600 b — &
ZEUS 055 —  jet
ZEUS 114 bbb — pu
ZEUS 133 pb b et

2=y <08, I-qbl <2

— NLOQCD

—  w=(ml+p)a
- wE=mEep?

v

LR NN LN RE)] L[]

: « Good agreement with ~ :

: previous measurements :
and NLO predictions for :
both scales

- « Note: Extension of

:  measurement to lower
values of <pT(b)>than :
previous measurements :




Charm from D+ and A+ decays at low pT in
Deep Inelastlc Scattering

NN RN RN RN RN RNy

ZEUS

%Fullreconstruction: e

* ZEUS 120 pb™
—— Gaussian + Bkg.

Background only

- N(A]) =146+33

. ' — 0=11.11 2.8 MeV
: Event Selection: fzvs =225 0008 eV

21

. Q"2 > 1 GeVA2 (DIS)

SR S T Note Presence of neutral strange
S = o partlcle allows for extensions towards
Iow pT region
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Charm from D+ and A+ decays at low pT in

Deep Inelastic Scattering

_ZEUS __

*  ZEUS 120 pb!
—— Gaussian + Background
=+=- Background only

v Reflection from D}

N(D"} = 691+ 107
o=19.0+3.1 MeV

M, = 1.872 = 0.004 GeV

S =4 ¥ AT KT FTTE1 FUTTe RYET1 STANI ANARA AT

i,
M(K r) (GeV)

e Differential cross sections

in reasonable agreement
with NLO predictions

Eur. Phys. (2012) 009
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Charm with D* at low Q2 in Deep Inelastic
Scattering
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Charm with D* at low Q2 in Deep Inelastic
Scaﬂenng
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Inclusive measurements of charm jets in
Deep Inelastic Scattering

* Impact parameter
. i * Neural network output

1F-:-|--;-‘:| 1 I |'..!
-znﬁ-is oS0 615 2o
Track significance S,
iilf;‘ :
IE E uds
-

100 T

10°E v

10°E

Eur. Phys. J. C71 (2011) 1509




Inclusive measurements of charm jets in
Deep Inelastic Scattering

H1 Charm Jet Cross section . H1 Charm Jet Cross section
3 s HiData E & Hi Data ]

oz ] 00 Lo G ] P —— .
T ] as oot : « Agreement between  :

o . data and NLO prediction
: depends on choice of
: renormalisation scale

2,
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-
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1075 20 25 30 35
ET [GeV] 1
H1 Charm Jet Cross sen:*lion_ . H1 Charm Jet Cross section E ° ngh preCiSion Of data

® H1 Data ] [ * Hi Data ]

oo ] 5 Bmonfanrn : compared to theoretical
:;Lﬁ.ﬂimm 1 s : uncertainties from NLO
3 - - : QCD calculations =>

: data constrains theory




- Charm jets from inclusive secondary vertices
in Deep Inelastlc Scatterlng

IcMmc14GeV 14 = IU'I,,.mcheV Q:MmcﬁGeV
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éSignal Extraction: £ 8z ' -

.« Secondary vertex decay length : ' ' :l:iﬂ_j_l‘
: « Secondary vertex mass —|_L|f' _
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== Charm
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Charm jets from inclusive secondary vertices
iIn Deep Inelastic Scattering
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Charm jets from mcluswe secondary vertices
iIn Deep Inelastic Scattering

e Charm Contribution to the Proton Structure Functions:

dz O_ep—wif‘x B 2 TTO(E |(

i — l+(l— )3).Fcf(x, 2)_ EFch
dO° dx Q4x Y 2 Q y Iy

* NLO predictions used for extrapolation from visible cross sections to
full phase space:

o, (exp)

F< (theor
o ... (theory) 2 (theory)
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Charm jets from inclusive secondary vertices
iIn Deep Inelastic Scattering
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» Good agreement with
: NLO predictions

» Highest precision in
: middle x and Q"2 range

» Large extrapolation
: uncertainties at low Q"2
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Charm jets from inclusive secondary vertices
iIn Deep Inelastic Scattering
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Fragmentation Fractions

Fragmentation describes the transition from partons to hadrons.

The fragmentation fraction

flc— D.....\) = LRzt

Tgs

describes the probability of the charm quark to hadronise into a
particular charm meson, where

@ op, . A denotes production cross section for hadron D, ... A

@ 045 denotes sum of all production cross sections of weakly
decaying charm mesons

Question: Are the fragmentation fractions universal?




Fragmentation Fractions

Charm Fragmentation Fractions
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* ZEUS 363 pbr
i F -
- » Reconstruction of b- -
decays into electrons 3 [ othere

non-e

* Likelihood ratio technique

: « Electron decay mode
allows for extensions
towards low pT region




Beauty from decays into electrons in
Deep Inelastic Scattering
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* NLO predictions
- describe the data
reasonably

do/dQ IpbiGev?
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107
X

: « Analysis benefited

- from improved
tracking and
reconstruction of
decay length of b-
hadrons
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Beauty with muon and jets Iin
Deep Inelastic Scattering

-m_E

355
305

a
® ZEUS 114 pb! (=)
s=+0 MC RAPGAP » 2.1
== NLO (HVQDIS)

do/dn" (pb)

* Require muon and jet

e use pT(muon) rel to jet

« Data in reasonable  :
: agreement with MC and :
: NLO predictions :

dofdn™ (pb)

dm‘det (pbiGeV)

-« Atlow Q"2 HVQDIS
: tends to underestimate
: the data => mass

: effects play a role




Beauty with muon and jets Iin
Deep Inelastic Scattering

ZEUS

St b
- _/
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* ZEUS 114 pb™, this pub. ]
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O H1
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— GJROENLDO ]

- MSTWOE NLO
MSTWOS NNLO ]
— CTEQ6.6 NLO

L x=0.002 i=3

[ x=0.00% =2

I x=0.013 i=1

[ x=0.032 i=0

:  Extracted values extend the

: kinematic region towards lower

: Q"2 and x, compared to previous
: measurements

: « Reasonable agreement with QCD :
: predictions, whose spread is :
: smalller than current experimental
: uncertainty

Eur. Phys. 9.C (2012) 69:347-360




Conclusions

e Charm and beauty production has been measured in Photoproduction and
Deep Inelastic Scattering over a wide kinematic range

* NLO predictions in massive schemes describe the data well within large
theoretical uncertainties

* In comparison to NLO QCD predictions the measured heavy flavour cross
sections are more precise

=> NNLO predictions would give better predictions and
allow for precision tests of pQCD

« Universality of charm fragmentation fractions has been confirmed
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