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ep-collisions at HERA

ep center of mass energy:
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Heavy Flavour production

Dominant process in ep-collisions: Boson-Gluon-Fusion

Kinematic variables:

Q2?2 = —g¢? photon virtuality, squared momentum transfer
2

T = QQ—PQ Bjorken scaling variable

Y = % Inelasticity

Two Kinematic regimes:
e Photoproduction (~vp):
Q2 < 1 GeVv?
e Deep inelastic scattering (DIS):

25 1GeVv? <,
? g(x)

e 7
Multiple scales: / i \vs’-?

M., ~ 1.5(4.75) GeV

c,b :
P typlcazlly few Gev sensitive to gluon contens
Q > 1GeV~< in DIS of the proton

= different pQCD approaches
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PQCD approximations

Massive scheme: Massless scheme:
e ¢, b massive e ¢, b massless
e neglects [ozsln (QQ/mébﬂn e resums [Ozslﬂ (QQ/mébﬂn
e scale m e scale Q2,p;
— ¢, b produced perturbatively — ¢, b also in proton and photon
(not part of the proton or photon)
(yp: Frixione et al, FMNR (vp: Kniehl et al )

DIS: Harris & Smith, HVQDIS)

Variable Flavour Number Scheme (VFNS):
e massive at small Q2
e massless at high Q2

(Cacciari et al)



Charm tagging: D* — Kxw in DIS

% L H1 preliminary
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Charm tagging: Dt - K —aTxnt

ZEUS
- - >14000—t—l I [ [ T T [ [ [ [ =
Long lifetime of D -
©12000 | -
— improved S/N ratio by cutting 210000|— —
o — . * ~
on the significance of the decay fe PO =
S — —— Gauss"™ +pl -
length (new method for HERATI) 5801 . JEus(prel) 135p? HERA I E
4000 = N(D*): 4421+ 341 =
2000 [— —
:\ | 11 ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ (I \:
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ZEUS
% 10007 T ‘ [ ‘ [ ‘ T T ‘ [ ‘ [ ‘ [ ‘ [ é
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s "0C s, >3 HERA I =
= 600; =
5 500 — —
5 4005 —
© 3000 =
: s 200 — F=
Reduction of the statistical error = =
O O 21 | 11 ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ (I V;
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DT - K—nT#zt in DIS

ZEUS e only 30% of available
c:\ 7\ ] \‘ \ \ T T \‘ \ \ \ T \L data used yet
> ep - e+ D + X
Q107 4 ZEUS 65 pb™ HERA | =
O — ¢ —
o) I & NL O + Fragmentation ]
5 , N i - = = = beauty contribution (RAPGAP) | HERA I and HERA II
O 10 = ; = measurements (different
= - - analysis methods)
o Y :
10° = : =
- TEmEEmes ; - e for some kinematic
- - . { = ranges error dominated
10-4 — i N ‘ \ N O I : \ \ [ 1 [ 4 ; by NLO Uncel’talnty
10 ? ) ,. 10
Q° (GeV)
1.5 < Q2% < 1000 GeV?
Good description of data by NLO QCD 0.02<y <0.7
(HVQDIS)

pe(D) > 3 GeV

n(D)| < 1.6
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Inclusive Impact Parameter tagging

Measurement of F5° and F°

e inclusive method:
use all tracks (p; > 500 MeV)

with vertex detector information

e study significance of the
(signed) impact parameter
S =193/0(6)

e Separation of beauty, charm
and light quarks

track track
/ " <5{ <0 et

primary
vertex
7 ~ /7 primary
0>0 "/ © vertex

>

« H1 Data (Prel.)
105 Total MC Hl_
E - uds e

. —C i
10*E-—-b E
10°¢ E
w0t T L
Wi I resolution & L:
1 | resolution] | signal | 3

-10 -5 0 5 10
SZ

So:  track with 279 highest
significance

12 < Q2% < 650 GeV?
0.0002 < z < 0.0032

pirak > 0.5 GeV
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Beauty photoproduction

HERA

Vo | | | | I | | | | I I | | | | I | | | | I | | | |
> 3
$0°F ; da/dp®(ep - ebX) E
é - - ; Q%<1GeV?, 0.2<y<0.8, n°<2
— 0 I ' NLO QCD (FMNR) |
ok —— ktfact. (LZJ2003 set 1) :
o - " .
S ] ¢ H199-00b jet . $ -
S | Y H199-00b-pjet l
10 8 @ zEUS96-00b - jet E
- A ZEUS (prel) 05 b - jet R N .
- O ZEUS96-97b-e K .
1 £ O HL97-00b-D% TR =
= W ZEUS96-00b-D%W TR 3
[ %+ ZEUS (prel)96-00bbpp | e
-1 ¢ ZEU rel) 96-00 b - e jet
10 1 1 1 1 ﬁ (p 1 )I 1 p 1 1 JI 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

o

5 10 15 20 25 30
b
<pb> (Gev)

Cross sections for b-production extrapolated using NLO calculations
data at upper edge of NLO prediction
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HERA F
B [T - —
. 2 o H1HERA | (D* ] _
LLloll?/e/x 000003(x41°) 2 HIHERA| gVT)X) 1 g2gep—ceX D2 ) 5
| Go— X* 000005(x49) o ZEUSHERA | (D¥) — Y FCC(:C Q )‘l‘
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x = 0.00013 (x 4') : D* (pr ) L L

x = 0.00018 (x 4'°) ]

x = 0.0003 (x 4%) Y—|-
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e all available measurements in good

x = 0.0012 (x 4?) =

s . X=00015(x4) | agreement
10°F _ x=0.002 (x 4) E
103 x = 0.003 (x 4°) ]
| X =0,004 (x 4) e scaling violation observed at low X
107 ' x=0006(x4) 7
10 7 ] X = 0.008 (x 4% 7 ’ .
% NLO QCD: sen ? XZO'Oljz % e PDF's differ at low X
1 b — CTEQSF3 KT—TL A
T M RST 2004FF3 —0.X=0.02 ]
10-1; (x4) _9__!_x:0.03 h -
| LA e good agreement with NLO
1 10 10° 10°

Q° (Gev?)
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by

H1+ZEUS F5(x,Q°)
L | | | 1 bb 2 []
5 | 00002 First measurements of F,)°(x, Q“):
L . i=

x=0.0005 e rise with gluon density

(towards smaller z and higher Q?)

e MRST04 and CTEQ®6.5 predictions
differ by a factor of 2

) 0013 e experimental errors too large to

' distinguish between theories/PDFs

10}

e HLHERA I+I1 06 e p (prel.) x=0.032 _ )
| = ZEUS (prel.) 39 pb’! i=0 e data described by NNLO calculation

2| s MRST04 ) o L
0 F  MRSTNNLO - within large statistical errors
............... CTEQS6.5
[ HVQDIS + CTEQ5F4 ] ) )
10-3....1.0 B I analysis of full data set ongoing

10
Q% /GeV?
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e Heavy Flavour production in ep-collisions: testing ground for
— perturbative QCD calculations
— gluon density in the proton (PDF's)

e Charm production:
— high statistics
— H1 and ZEUS using different analysis methods agree in the results
— good description by NLO calculations

e Beauty production:
— reasonable description within uncertainties
— whole HERA data needed to reduce statistical uncertainties

e Structure functions FS¢, Fg;:
— data described well by predictions
— charm data is sensitive to PDF's

looking forward to analyses using full HERA statistics



Backup slides
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Fgé extraction: H1 and ZEUS

dQO.ep—>céX

wa0? = o (A=Y -y F (@,Q) + a5

dominant contri- significant  significant
bution to o at high y at high Q?

e ZEUS extracts cma from D meson cross sections using HVQDIS
to extrapolate to the full meson phase space:

Ui,meas(ep — D*X)

2 meas(xm Qz) theo(xfw Qz)

Ui,theo(ep — D*X)

e H1 measures charm inclusively:
P.NMC
MC MC Mo 9BCC
PeNMY + PyNy™~ + PN;

P.p, are the fractions of charm, beauty and light flavour from the fit
and o is the inclusive reduced cross section.

5 (x, Q%) = 5(x, Q%)



PDF schemes and parameter

PDF Order | Scheme, Nf ©? My( GeV)
MRSTO04 o2 VFNS Q7 4.3
MRST NNLO o3 VFNS Q7 4.3
CTEQ6.5 o2 VFNS Q%+ M? 4.5

N

HVQQDIS+CTEQS5F4 | « FFNS, 4 |2 (th + Q2+ M2) 4.75

CTEQ6HQ o VFNS Q2 + M? 4.5

N

T heory predictions except HVQDIS+CTEQ5F4
provided by P.D. Thompson, hep-ph/0703103



Fy?/Fy

P+ HiDaa | "
S charm and beauty contribution to F»:
§ x=00002 | X = 0.0005
2 |
10 - .
f o MRSTO4{< o large charm fraction up to ~ 30%
_3’ [ MRS'|'04f
10 Pl il kel el
F ... f [ .
P S e small beauty fraction ~ few %
10 ° -
i x =0.002 - x =0.005
, 7 e e reasonable agreement with
10~ $$ . E NLO QCD prediction
e E
1 |
10 = x =0.013 o x =0.032
7 H1Data(High Q)
1 ....... f ------ S @, gob
10 2l : T P T B i
10  10°, 10,10  10°, 10,
Q" / Gev Q°/ Gev
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Fragmentation fractions

- Y * Y V f(c » D% E e fraction of charm quarks
- ? ®f(coDY) - hadronising as a
- Mic—D")" particular D meson
~ A f(c — D) .
- ] e agreement between
n * f(c—Af) 1
= - HERA and LEP
- g ‘ * o . experiments
-~ A A ? -
- % (0) 1
a £ o
) (:/)) () +GJ
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Arbitrary units
w

2.5

1.5

0.5

Fragmentation function

|
— e ZEUS(prel.)120 pb-l : ZE(E+P)D*/2Ejet = Energy transfer:
- 4 Hl(prel.) : z=(E+P|)p /2, (E+P) .
- " ARGUS : Vs=10.6 GeV, z=P_ J(EZ,, -m3)"* - .
- O OPAL: Vs=91.2 GeV, z=2E_,/'s ] z =~
- v CLEO:Vs=10.5 GeV, z=P_,/P,__ : ‘
- BELLE : Vs=10.6 GeV, z=P_/P__ -
- | - e Hadronization of quarks
- I - into Hadrons not
[ A7 i calculable in pQCD
N 0 ¥ { i Pt ]
{ } I e quark — meson
- i . B transition described
N o I{ - by phenomenological
r f] !Ii ] transition function
- A1 R
l ll e expected to be universal
L 1 ] 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 ®
0 0.2 0.4 0.6 0.8 1 .
7 similar spectra
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Beauty tagging: pl¢

Why beauty?
o,5/0cz ~ 0.05 = hard to identify beauty, but
mp > me = PQCD should become more reliable

How to identify b — uv X7
2 jet events (BGF) with tagged u in one of the jets

ZEUS .
§ o ZEUS(preI)2005(124pb) €
E iy v
_ [] bb MC
103 -
. Large b mass causes high p;
. of u relative to the jet (p/)
2
10 ]
Q? < 1 GeV?
¢ 0.2<y<0.8
10 )
EI" > 7(6) GeV  |n(jets)| < 2.5
0 05 1 15 2 25 3 35 4,498, 9 p(p) >25GeV —1.6 <n(p) <2.3
& e
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Beauty in Dijet ~p using electrons

Likelihood function of discriminating
input variables:

ZEUS

7p) ' L ' o rrrrd ' '

\ -2 10° §_ e ZEUS (prel.) 120 pb™ < , _§
dE/dw LICJ 4:_ -(b—»eX)x1.75 _:
fEMC v e-identification 5 17°F - ex)x18

EEFO/ptTk ) 8 10°E Bkg. 3
= ;
Ao b,C «— LF separation Z 10°f =
rel : - ]
Dy b < C separation 10k _
) 10 1 10
4

missg A Jet 2InT

P L. ¢ Q? < 1 GeV?

5 ' 0.2 <y <0.8

/"__—V

e+/— EI" > 7(6) GeV  |n(jets)| < 2.5

jEt%Q oL pi(e) >0.9GeV  |n(e)| < 1.5
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Double tagging of bb-pair

use two direct flavour tags (D* 4+ p or u+ ) i ZEUS
. > B \ \ \
e strong background reduction; 26| o zEUS(114pbY) ]
no jets needed 14 T == nLoqcop
V
e |lOW p; accessable 12 ® -
o 12910 | .
o4 e zEUS(11apb) (a) . : I
Tﬂ' 40 1 charm (prompt p) E O 8¢ ]
2 % 'Eﬁii’ﬁi’(fake ) L |
-235 " fake D’ g ] o 6 - B
530 A { .
(&) , i ]
25 : o | B
20 7 0 S HJrJr | \ \ .
ha + 10 107
v . $ Q? (GeV?)

s 11 Mg

e Mmeasurement exceeds
NLO QCD prediction

20 - like-sign D'u

e compatible within errors

e agreement with

corresponding H1 result
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Inelastic J/4 production

Colour Singlet (CS) contribution J /1

e directly calculable

e available at LO and NLO

Colour Oktet (CO) contribution

e introduced in non-relativistic
QCD model (NRQCD)

e described by long distance matrix
elements (LDME)

e parameterized from Tevatron data

e prediction for HERA, LO only

Detlef Bartsch Heavy Quark production at HERA, Feb. 237 2008 22



Inelastic J/4 production

_|_
o0 S/ —pT T 2501 J/Y — et Monte Carlo (CS):
E ) . Hl data 04 06 E F Hl data 04 06 E 2 2
400 : inel. J/¥ - pu 4 200F, . inel. W _ ee . 3.6 < Q < 100 GeV ® CASCADE
: N = 586 + 35 1 N N = 315 + 40 1 50K Wyp < 225 GeV
300 355975100V | 150 T sesoieimol g3 (g (scaled by 0.5)

50 < W,,, < 225 GeV ] Y A d 50 < W,, < 225 GeV ]

200 % 1 100} p;, > 1GeV o EPJPSI
1000 HL L oS-k (scaled by 1.4)
Ok ' : ' ' ' Ok ] l ] , ] ‘ — L A | T T T T g T T T
2 3 4 5 6 2 3 4 5 6 3 r - 1> 4 1
> beooogrocsy ® H1data’'04-'06 | L ® H1 data’'04-'06 _|
M [GeV] Mee [GeVI & o __ cascane wos)| © 1OT __ cascape (x0.5) 1
Q2 distributi ?Q:_ = EPJPSI (x1.4) 13 l ------- EPJPSI (x1.4)
o istribution = 2 |
: o L | 1z
— too hard in CASCADE 5 e S
C 1 © 007
- tOO Steep In EPJ PSI 10-1;p|)_!g-liminary '—é_? E preliminary
10 10 50 100 150 200
. . ) Q% [GeV? W,, [GeV]
e double differential cross sections = w " S L A S T
) 2 —e—— O reliminar : g:$5<<zz<<0(i.795x0.01 é
in z and p}? 3 C 1k B, opsmees
— well described by leading R o T ]
i -D ;
order MC (colour singlet only) = i IR . S—— P —
. N . . L H1 v 35<pr<l0Gev(029)]| F Y= 1 j
— no direct indications for colour ([ preimmay e g e
0.4 0.6 0.8 0 20 40 60 80 10
octet z P2 [GeV?
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