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DIS’03, St. Petersburg Charm Production at HERA

Physics Topics Addressed in this Talk

® Introduction

e Charm Production
> Charm Photoproduction

> Charm in Deep Inelastic Scattering

e Summary and Outlook
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Introduction to HERA

> HERA collides 27.5 GeV e with 920 (820) GeV protons
— /s =320 (300) GeV

/
Neutral Current Exchange: ep —eX

Q? photon virtuality
2 _ 2 (1 _1\2
Q=—qg=—(k—Fk)

K

o > x fraction of proton’s momentum

q carried by struck parton
proton Xp 2
--------- o _Q
remnant v\ P — 2p q

+ .
ik W is v*p centre of mass energy

Photoproduction: Deep Inelastic Scattering:

Q* < 1GeVv- 02 > 1 GeV?
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Luminosity Collected at HERA |

Physics Luminosity 1994 — 2000
T 1 1T

® Data collected at HERA I: o~ 120 1420
@)
> ~ 130 pb 1 s | |
>
£ 100} {100
>115pb— Letp 2
) =
1 80 {80
> 15 —
pb “e p 3
2
9 | .
® Sufficient statistics for testing® [ 1%°
PQCD with charm at HERA = | 7
a0} {40
® 1994-7: 820 GeV protons i 1
> 1996-7 published (37 pb 1) ol 10
® 1998-2000: 920 GeV protons
| | | | | | | | | | ‘ | | | | ‘ | |
> Results here ~ 80 pb_1 250 500 750 1000

Days of running
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Heavy Flavour Physics — Motivation

e e
® Study heavy flavour production mechanisms
® m. (and myp) gives a hard scale to process v C
> Good testing ground for pQCD
> Is m hard enough? C

2 g
® Q~ and P can also provide a hard scale p
proton remnant

> Multi-scale problem

> Which scale is most appropriate?

® Also non-perturbative issues such as fragmentation

® Access to parton densities in proton, photon, or the “pomeron”

> Particular sensitivity to gluon

Heavy Flavour Physics is a major unresolved topic in QCD
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Heavy Flavour Production at HERA

® Resolved + direct processes contribute at leading order:

Y - z
\( . c Direct —— Resolved
o
g 4
P proton remnant @

® In resolved events, photon acts as a source of partons

® Resolved charm production — sensitive to «y structure

e Definition is ambigious beyond LO
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Heavy Flavour Physics — pQCD Calculations

Various approaches in pQCD — How to treat charm?

® Fixed Order NLO Calculations (massive) — FMNR (PhP), HVQDIS (DIS)
> Charm - 3 active flavours in p and 7y
> Not valid only for pr >> m¢, Q >> m (Large logarithms L, m%)

® Resummed NLL Calculations (massless) — Kniehl et al
> Charm - 4 active flavours in p and 7y

> Valid for pr >> mg, Q >> me

® Matched Calculations (FONLL)

> NLO mass effects + NLL pr resummation
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Charm in Photoproduction — Motivation

® Largest statistics charm mea- ZEUS 1996+97
\

surement at HERA

> Test pQCD predictions eD - (KM 1

°D - (Kmmm) 1

10 |/

® 1996-7 Data already pub-
lished:

Eur. Phys. J. C6 (1999) 67

doep _ poddp 2 (nb/GeV)

[EEY
I \\H\\“ﬁ_

® Twice as much data available

---- Massive, € = 0.06
---- Massive, € = 0.02
------- Massive, € = 0.02,

Mg =0.5m,m =12 GeV
— Massless Kniehl et al. (upper)
— Massless Cacciari et al. (lower)

> Can now look at double 5™

differential cross sections

[

0 5 10
pL; (GeV)

10
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Charm in Deep Inelastic Scattering — Motivation

ZEUS Preliminary _
o ® Fam / Fy large at low X, high @Q?
| N 0.5 Q*>=2.5GeV? Q’=6.5 (7) GeV* Q’>=12 (11) GeV?
LN“ > Above 30 % at highest ?
03

> Need to understand charm production

® 1996-7 Data already published

Q%*=20 (18) GeV? Q*=32.5 (30) GeV?

Eur. Phys. J. C 12 (2000) 1, 35

0.4
0.3 T *
gl s o, B 22} ® Extrapolate over unmeasured P (D),
’z,’ * .
0.1 i N(D”) region
05 > Model mptions in Fcharm
« ZEUS 96/97 D" odel assumptions in F3

0.4 e o ZEUS 96/97 prel. ] .
] T semilepionice @ Rjgourous comparisons should be

’ : — ZEUS NLO QCD fit ) ) ]
02 m=1.5 GeV made to differential cross sections
0.1 . (l ------- ZEUS NLO QCD fit

Q =100 (130) GeV~ m =1.3/1.7 GeV

0
102 107 1072 102 10™® 107 1072 102 10"
X
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Tagging Charm

e Charmed Meson reconstruction from charged decay products
> No particle ID used

e D*(2010) mesons identified with AA method

> Golden decay mode
> DY KFrdrd
> AM = M(K7rg) - M(K 1)

® Results from reconstructing other charmed mesons and from
semileptonic decay modes not dealt with here

24" April 2003 10 Richard Hall-Wilton, UCL



DIS’03, St. Petersburg Charm Production at HERA

Charm in Photoproduction

ZEUS
% r 1 1 ‘ 1 1 1 1 ‘ o
% _ _ = « ZEUS (prel.) 1998-2000
® D" Mesons in photoproduction & 2500 _ Backgr. wrong charge -
S .
® 10 350 4= 160 D* events 2 : 130 <W < 285 GeV, Q° < 1 GeV* |
@]
B 2000 | + .
> Significant increase In statistics £ t
. £
over previous results (cf 3700) 8 i ! i
- - 1500 .
> Can measure double differential ',
Cross sections - i
1000 —

® Precision tests of pQCD for

charm production i

> Compare to NLO, NLL and FONLL ~ >% |
predictions I

‘ | | ‘ | | ‘ |
0.14 0.15 0.16

M(KTIL) - M(KT) (GeV)
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Results on D* Photoproduction — Differential Cross Sections

ZEUS

z(D*) Is fraction of photon energy < e Tyl 14 |
n 3 1o % °7EUS (prel.) 98-00 a); = i
carried by D™ in proton restframe: 3 ° &, 1§ 127
D* Er_ 1 T E -8 10
*\ (E — pz) R g |
Z(D ) T (E ) © 10 3 6
Pz 107 4
3L 2
10 N B B ob— Lt
® Data has very small uncertain- > 10 (;‘;’(G VZ)O -1 0 ! o)
p e N
tiesoverawidekinematicre-g 0.3 . . = 10 2
e 09 g d)
gion Gos ] I E— |
R L
Kinematic region: z %% — L
B 015F | teeee-- 1 e S
Q? < 1Gev- s | ] |
0.1¢ : R Y b
130 < W < 285 GeV . ] Y , .
.05 ] i P 1
1.9 < Pp(D™) < 20 GeV I
* 150 200 250 0 02 04 06 08 1
1.6 <nD7) < 1.6 W (Gev) 0
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Results on D* Photoproduction — Differential Cross Sections

ZEUS
® Bands on theory show ef-< e Tay ] B 14f |
_ _ 3 1o % °7EUS (prel.) 98-00 a); = -
fect of varying renormalisa- 3 1 5 12¢
. s 0 5 10
tion scale and charm mass g 1 3 °
S0 Ol
® NLO seems to describe data , ol
L 4
better than FONLL 10 .
-3 -
10 T T R R R R B R
® Data towards higher limit of 5 10 15 20 0 1 0 1
NLO pr(D) (GeV) ) n(D)
—~ 03 e 10
" o B 0. 2 d) -
> Forward 7)(D”), low z(D"), 025" i TN s *
E 0t e S I e,
medium pT(D*) data in ex- 3 0.2 * B I Sy (U
cess of NLO s 015+ A o ]
01- e gent T :
0.05 - D i
0 150 200 250 0 02 04 06 08 1
W (GeV) z(D)
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Results on D* Photoproduction — Differential Cross Sections

® Bands on theory show ef- ZEUS
fect of varying renormalisa-g ‘0 « ZEUS (prel.) 98-00 @) - € 25 b)
. S : NLLQCD | § ]
tion scale and charm mass g R == AFG for vy B 20 222 NLOQCD |
& 1 - =/ --GRVfory = © .
% 4l ) L e only directy - 15
- - T 1 L :
® NLL uncertainties very large o
2L
. 10 -
> Effect of changing photon o
structure function shown 10 £ .
> Some sensitivity in NLL
— 0-6 |-
> i
(O]
Q 05
O
<
> 04
- *y 2 ‘
® NLL seems to describe z(DD™) &

better than NLO

N I IO |
0O 02 04 06 08 1
z(D')
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Charm Production at HERA

D* Photoproduction — Double Differential Cross Sections

® Double differential D™ cross

sections shown here for

p7(D™) in (D) slices

® Medium p7 (™) excess of
data over pQCD is concen-
trated at forward 7)( D)

10

10

ZEUS

o ZEUS (prel.) 98-00 @) -

*

-1.6<n(D)<-0.8
NLL QCD

= AFGfory

== GRV fory

RS only direct Y g

—~ 10 —

b) -
-08<n(D)<0 ]
—= NLO QCD
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D* Photoproduction — Double Differential Cross Sections

, : *
ZEUS ® Double differential [)™ cross
2 M Eusprenyesoo @ 2 35 * b) sections shown here for
c 1207 19<p(D)<325GeV | £ 3  325<p(D)<5GeV %\ . * ]
R o 13 .2 n(D™) in pp(D™) slices
2
1.5} _ ]
1F ® For double differential cross
0.5¢ ] sections as well, NLO seems
O’\ P I TR R IR
0 1n(D*) to do a better job than FONLL
= ‘ = 03— . .
S 1 5<p)<8cev © 5025 8 <p,(D)<20Gev 9) | ® Again, excess in data over
E: I ] !%_ H B *
5 08 {{I 18 4ot PQCD at forward n(D ) and
SIS | 01s) medium pT(D*) seem to be
0.1 correlated
005 .l
0 \ L \ 0:*4["‘ ‘ \ \
1 0 1 -1 0 1
n(D) n(D)
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Charm Production at HERA

D* Photoproduction — Double Differential Cross Sections

® Double differential D* Cross sections
shown here for 1(D*)
slices

5
e
=

O

® NLL seems also not to describe
n(D™) shape at medium p7(D™)

—

do/dn (nb

ZEUS

T 1 T
"« ZEUS (prel.) 98-00 @) |

- 19<p(D)<3.25GeV -
i NLLQCD |

= AFGfory |
--- GRVfory |
....... Only direCtY:

do/dn (nb)

455
4
35"
3
250 [,
2 )
151
1

. b) "

3.25<p(D)<5GeV

0.5 ="

0.3
0.25
02
0.15|
0.1
0.05

—— NLO QCD

0
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D* Photoproduction — Double Differential Cross Sections

- . *
® Double differential D™ cross ZEHOS
S 10 R T
- © \ « ZEUS (prel.)98-00 @) I ) b)
sections shown here for < 1;- 0<2(D) <02 = 0.2 <2(D) < 0.4
*xy *\ i < NLLQCD | £ :

p7(D”) inz(D") slices A = AFGfory | & - === NLO QCD
S0 - -~ GRVfory - & 10 ¢ &
© g only directy 1 ®
O g 1 ©

® Excess in data over pQCD at

medium pT(D*) and low z(D*)

seem to be correlated

| | | T “i.:.:'.‘:;
5 10 15 20
p(D) (GeV)
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Charm Production at HERA

D* Photoproduction — Double Differential Cross Sections

® Double differential D™ cross

sections shown here

n(D”) in (D) slices

for

® Data favours higher limit of
NLO predictions at low z(D™),
and lower limit at high z(D™)

® Shape in 7)( D) at low z(D™)
not well described by NLL

do/dn (nb

A O ©0© O

N e~
e ZEUS (prel.) 98-00 a) - g
0<z(D)<0.2 1§10
O
13 8
2
L *‘ R ‘* 3
04<2(D)<06 C) | <
1 =
NLL QCD S
R
== AFG fory
---- GRV fory *
....... only direct y

——————
02<2z(D)<0.4 b)]

......
-] T
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D* Photoproduction — Double Differential Cross Sections

® Double differential D™ cross ZEUS
O r 1 Q9
. c e ZEUS (prel.) 98-00 @) | € ) b) .
sections shown here for ;PT 102 19<p,(D)<3.25GeV - ‘%’ 3.25 <p,(D) <5 GeV )
*y\ - * . = § 1 D
z(D™) in pp (D7) slices 5 g 10
10 ?_ _____ o "-L ----- -\," é
® NLL predictions seem to pro- © NLLQGCD ™ |-<- -1
_ o = ég\i/ 1;orv . == NLOQCD *—1§
vide a better description of the Ll onlydiredty TR Tr \i
1 PR RN RRI SR SRR | | S Lo b o b e ]
data here 0O 02 04 06 08 1 0O 02 04 06 08 1
z(D) z(D)
g I g 1 I T \*‘ U I ‘d)‘7
~ ~ - 8<pyD)<20GeV 1
© o r 7
© e ,
© S | o i . ]
. :—___“'_ A _\‘i ______ : e __: \‘\ _________
N N B “"'3 ‘ “ o ‘ ‘:':.‘ L1 ‘.‘T'x.a'--‘-&\.‘. cemerd
0 02 04 06 08 1 0O 02 04 06 08 1

2(D) z(D)
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Charm Production at HERA

Charm in Deep Inelastic Scattering 500

M
N
o
(@]

0.5 eI

> What can this tell us about the struc-< 300
ture function of the proton?

entries
N
o
o

® 5450 D* events 100

> Significant increase in statistics over 0
previous results (cf 2060)

® Precision tests of pQCD for charm<

)

production = 1500
L0

> Compare to NLO predictions S 000
7))
@
c

© 500

0

ZEUS

ZEUS (prel.) e p 1998-99
® signal [ | background

1229+ 48 D (fit)
1219+ 58 D (subtr.)

oIIII|IIII|IIII|IIII|IIII

14 0.145 0.15

0.155 0.16 0.165
AM (GeV)

(b)

ZEUS (prel.) e'p 1999-00

4240+ 90 D’ (fit)
4239+ 113 D (subtr.)

0.14 0.145 0.15

0.155 0.16 0.165
AM (GeV)
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D* Production in Deep Inelastic Scattering

ZEUS
® Improvement in errors from previous
e,
results ° e @
S I s
- . 2 ©
> Precision data at high Q el s
: :
® First time 0'(6_) measured at HERA , 3
10 F g
® U(€+> and O'<6_) in agreement with f $
-3 ?
pQCD 10 e ZEUS (prel.) 1998-99 P
- O ZEUS (prel.) 1999-00 e*p
: : : - [ ] HvVQDIS m=1.3-1.6 GeV t
Kinematic region: 10 '4:_ (GRV98, CTEQ5F3, ZEUS NLO) !
1 < Q% < 1000 GeV? ; :
0.02 <y <08 3 T
* O
1.5 < Pp(D*) < 15 GeV = oo, { [
15 < ND¥) < 1.5 O -
1 10 10° 10
Q? (GeV?)
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D* Production in Deep Inelastic Scattering

® Differential cross section in & ZEUS
o [
c (@)
< 10%_®
- . o) E
® Improvement in errors from previous S
© 8
results 1081
> Should be able to improve precision f :
. C 2
and understanding of F5° 10% s
- )
+ 10 :_ ® ZEUS (prel.) 1998-99 e p
® Apparent difference between O(e ) - O ZEUS (prel) 1999-00 e"p
— . -] HvQDIS m_=1.3-1.6 GeV 3
and O'<€ ) probably statistical fluctu- i (GRV98, CTEQSF3, ZEUS NLO)
1 &
ation - %
o N ! . ! ]
5 } (b)
- 1
a%b 1 $ [} $
o ! L | L L L ool
-4 -3 -2 -
10 10 10 10
X
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® Very precise data available over a wide kinematic region

> Data presents a challenge to the precision of the theory

® In general charm results can be described by pQCD predictions

b cross section at HERA

\ \ \ \
* H1 U ptrel

6 [ ® H1pimpact param. (prel.) N

® However in certain kinematic regions, data well
above the predictions

heory

> FONLL seems to do a worse job than NLO'Z | © ZEUSe pee
B ZEUS p prel (prel.)

G )
> Uncertainty on the predictions from theoryg g | 2 EEUSPRbrE) g i
IS greater that the uncertainty on the experi- 3| % )i ! |
mental results 1
2 |- h :
> NNLO would be welcome! E
1 [ NLO QCD ]
® One possible explanation for b results? (—) 0 PP ~ o | |

1 10  10?
Q? (GeV?)
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