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High Energy Hadron Physics



HERA: ep collisions within H1 & ZEUS
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HERA: ep collisions within H1 & ZEUS
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Heavy Quark Production in ep collisions

Dominant process 1n ep collisions:
Boson-Gluon-Fusion

+
<

<
27.6 GeV
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Multiple scales:

m ~1.5/5GeV

¢/b

Proy ™ typically few to 50 GeV

Q® <1 GeV* Photoproduction (yp)

> 1 GeV” Deep inelastic
scattering (DIS)

NLO calculations with different schemes
depend on dominant scale:

* massive scheme* FFNS:

2 2 2
Q’, pT,c/b ~ L

* massless scheme® ZM-VFNS:
2 2 2
Q ? pT, c/b > mc/b

* combined massive®massless: VFENS
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Charm production, D* tag

Tag Charm via:

. © /FEUS 95-00 —

. background
"L wron charge

D* 5 (Km)m, ]

ee N(D™) =42680 + 350

I B T A

0.14

.15 0.16 0.17

M(Knr) - M(Km) (GeV)
D* D’

* exclusive final hadronic decay
here c>D*X—D’n X—>(Km)r X

or
* 1mpact parameter (later)

Clean signal tag with large statistics.
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Charm production, D* tag

_HERA,D* i DIS
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Data described by NLO QCD over S orders of magnitude.
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Charm production, D*+jet(s) - higher order events

D* + other jet
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A ¢(D*, jet) [7]

D* or jet

A} &

5
quarks back-

to-back

jet = Adp~m

lowest order:

—
N

1 X’?'hs’:ﬂ'ﬁ ZEUS !: f_ x,‘;m{[].?:) _f
: ----- NLO QCD (massive) i E  HERWIG x 2.5 §
[, A NLO QCD (massive) IE had. C ]
I{J'1 - Beauty ? e PYTHIAx 1.5 § i
|
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102 ] | — L _
107 o _ _
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107 1 4 dl 1 s :
Atbﬂ (rad.) aq)ﬂ (rad.)

NLO: Shape not well LO+PS:

Enrlched in hlgher order like events

ZEUS _

reproduced.

For high precision:
Need parton showers in NLO (e.g. MC@NLO)
or NNLO.
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Describes shape.
Normalisation too low.
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Measurement techniques - p+jets

Tag ptjets Beauty (Charm) events by exploiting: == ..+ -
= ® ZEUS 1999-2000 :

large B mass - p-momentum relative to :>j 10°F Ef‘qi‘ji\kig”ﬁponem—;
associated jet, p_" o

rel _—-,__ E

- Py * Jet 7“[] 'r
7 E

Ve

ﬂ 2 3

‘\N / "long'' lifetime - signed impact pT (GeV)

(both b and ¢) parameter
relative to

vertex/beamspot, O 107
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Beauty 1n yp, utjets and o

Jet1(2)
t

-

> 7(6) GeV; [n®|<2.5

2.5 5

1.5

10

P’ [GeV]

NLO agrees, H1 data slightly steeper in p*
Agreement within errors of H1 and ZEUS.
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Beauty in DIS, p+jet and o
s — - 30 S
= M- | 9 " e ZEUS99-00
— — i
© P g H1 ~ [ B NLOQCD ® Had.Corr.
2 10} ¢ ® Daw : = % ... NLOQCD (HvVQDIS)
="k i —— NLO QCD ® Had ° LS, -
T e e NLO QCD S 20 | )\
-8 Wik Cascade | -
| . Rapgap | rel i
f ; +
2 < Q% < 100 GeV? Hl pT 6 15 - ®
1L . . rel - EE
B E 3 ZEUS' pT 10 ~ } = f Aaasaaaaa
5 [ E—
| | ] :_ \ |
3 5 10 0 1
H1 p[GeV] ZEUS n
Q> e [I,100] GeV? Q> e [1,1000] GeV?
C u
y e [0.1,0.7] Data hlgher at lOW pT das fOI’ y e [0.05,0.7]
P > 2.5GeV the H1 yp measurement. P, > 20GeV
n* e [-0.75, 1.15] _ . n* e [-1.6,1.3]
Higher data also in forward .
() .
A trend? Extend m and p, range:
I. Bloch, DESY/Hamburg University - CIPANP, Puerto Rico 30.5.-03.06.'06 Heavy Quarks at HERA 10

w



b—D*u and b—>pp measurements: sensitive to low pr

B

secondary
vertex

primary vertex

Exploit
correlations,
no jet cuts,
threshold prod.

p,’ (peak) of tagged b-quarks:

dimuon tag

D*p tag
Others

~ 4 GeV
~ 6 GeV

> 6 GeV

bb at HERA
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NLO QCD
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At low p_ - same trend: Massive NLO underestimates data,
ZEUS: NLO compatible within errors.
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Trend at forward n and low p_?

Low pTb b—dimuon cross sections:

9 ZEUS ZEUS
% 10 :—‘ I "'I‘“‘I"“\"“\""\“"—: S 45 T'\""\""\""1"“]"“I" | ]
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< -i— 1 NLO QCD (FMNR*PYTHIA) % 35 = NLO QCD (FMNR*PYTHIA) T g
_g'.'1o : -I' | B3} 11 e k
B i - 25 | —
S ® z —4— ¢ |
T 20 | 1 _|_ E
15 | .
3 I :
5 10 | . -
+ . 5 2 $ —
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P, (GeV) n

No evidence for trend at low p_and forward n to continue.
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Beauty and Charm - o+jets (High p_, yp)

Inclusive final state, simultaneous determination of Beauty and Charm.

iz 0.8 - . oe .
“ [ mcoama —chyma x-0ss  ppp [0 ¢ or b fraction of total ep—¢jjX cross section.
{}.6_— A b Data b Pythia
. Simple quark charge counting;:
B 4 ~
_ - =4/11,
0.2 1 fbb — 1/1 |
Y S L S 11
TS 20 25 30 35
pJ‘et‘/ GeV
- CHARM _ BEAUTY
2 10%E &P — etX —ejiX e Data 2 e 102 & ep — ebbX — ejiX e Data =
% = ——— Pythia ] % 2 ——— Pythia 3
B - Hl -==--- Cascade 1 B --==-- Cascade i
% . 107 s — NLOQCD®had § % _ —— NLO QCD ® had —
£ ¥ 1 £ :
® uf ]® _:
E I E _'_"_"_":';f':"_"_' o o s ;E
1= Q<1 GeV? Sl bR s sy Q> <1 GeV? )
B .I....I....I....I....E lﬂ-‘z_...I....I....I....I...._E
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p1/ GeV p 1/ GeV
Overall good description of the data at high pr.
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qua in DIS at low and high Q> - Charm

F2qq measurement allows to

test/constrain the
proton gluon density

or

obtain the virtual (©O*>m2) 4

Charm content of the
proton

Fce X

102}

10

10

10
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quq in DIS at low and high Q* - Beauty

o0
X
N x=0.0002 _
&3 i=
F,""(x,0%)
102 x=0.0005
: = * first measurement
* scaling violation steeper at
10 lower x
* data are described well by
| VFNS (massive®massless)
: NLO calculations
_17
10 |
e H1 Data
v H1 Data (High Q%) x=0.032
— MRST04 i=
0L MRST NNLO /f’
---------- CTEQ6HQ
/ H
- Q2 >> mb2
10 _37 ! ! >
10 10° 0°,
Q’ /GeV
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Beauty with ut+jet, HERA 11

ZEUS
e Preliminary Beauty p/* (+ ) results: + o ZEUS (prel) 39 pb”
) g CR L e RAPGAP x 2.49
» small fraction of HERA II data 2 10 b
= - :
* jet+tmuon: p/* as well as p/ + 0 %’ R
O
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3 1 f ..................
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% 25 e ZEUS 96-00 : Q> >4 GeV?
B -1 NLO QCDx had |

ol 2 3 4 5 6 7 8 9 10

p; (GeV)
15 Lo
. i | ¢ Outlook:
i Improve by ~ order of magnitude.
A | New double differential measurements
O <1GeV: b N | possible, as well as extraction of F ™
]
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Summary

* Hl and ZEUS heavy flavour measurements agree

* Beauty and Charm data in general agreement with NLO 2

* Beauty data partially slightly higher

* inclusive yp impact parameter

measurements in good agreement with
NLO prediction

* Beauty and Charm contribution to proton
structure F " measured

* well described by NLO
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Outlook

HERA delivered

Q
e HERA 11 is running smoothly i’: 20 1
- already accumulated more S
data than during HERA 1 E 20T
é 150 |
* upgraded detectors performing well {?
= 100 |

HERA Il &*
* expect higher precision results. >0
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Backup: Data - NLO ratio

Q
8 % ZEUS Prel. D*u Correlations
o gl % Hi D*u Correlations
S= { ZEUS Prel. uu Correlations
E A H1 Fb® (low Q%) Impact Par.
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® Hi DIS: o, (ejuX) | pr ©® Impact Par.
|
al | O ZEUS DIS: o, (ejuX) | Py,
*¢
ST+
A }
211 iE
! MF{ST04$ #
N .
QCD NLO (massive) CTEQ6HQ
L[ | |

> T
w (Q°~ 0) 10
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100

Q° [GeV?]

This 1s just a rough comparison.
QQ* is not the driving scale in
the whole range!

Main caveats:

* NLO has been extrapolated
to hadron level using different
approaches

* NLO has been calculated for
different sets of scales and
parameters, same for the
uncertainty

® Cross section definitions and
kinematic ranges somewhat
different
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