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HERA: ep-collisions at H1 and ZEUS

E

27.5 GeV

ep center of mass energy:

1992 - 97: | 300 GeV

Integrated Luminosity (e.g. ZEUS physics):

920 GeV
(820 GeV)

Year e'p ep
96-00 (HERAI) 105 pb-! 17 pb1
03-05 (HERA Il) |41 pb 152 pb-

06-07 (expected)

about factor 2 more

98 - 2005: | 318 GeV

HERA dellversad

HERA Il &

Integrated Luminosity (pb™)
]
3

100 [

days of running
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Heavy Flavour production mechanism

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

Kinematic variables:

C? =-qg? photon virtuality, squared momentum

c,b o fransfer

X = Bjorken scaling variable, for Q2>>(2mg)?:
2Pq : .
momentum fraction of p constituent
C,b

Two kinematic regimes:

« Photoproduction (yp): y quasi-real ¥ < 1 GeV?

« Deep inelastic scattering (DIS): Q% > 1GeV?
Multiple scales:

m_, ~1.3(5) GeV

pSt ~ typically few GeV ~ == different pQCD approaches
Q? =21GeV?inDIS

-
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Charm tags

ZEUS

s ZEUS (prel) 1985-2000
(1265pb ")
"L backgr. wrong charge ]
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~2000:200 :1 3 20000
T [
b . © 18000 |
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£ 16000 |
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. _E 14000 =
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10000 [
« lifetime tag, e.g. D (orinclusive) soon |-
6000 |
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Charm in photoproduction

ZEUS
S - L o a)': o 14
<D e * ZEUS (prel.) 98-00 1 £
Q@ 10 o= T o= 127
E S
= ©
= 1 ¢ 4 O 10
_8_ -
S At 8
'c -
10 : 6
20 4
10 ¢ 4
30 2
10 ¢ i
I 1 I 0 1 |
5 10 15 20 1 0 1
(D) (GeV) n(D)

Data described by NLO QCD, data tend to be higher.
Measurements much more precise than calculations

Feb. 2006 Lake Louise Winter Institute - Benjamin Kahle




NLQ vs. LO + parton shower
ZEUS charm + dijet

yobse() 75
\I.- ==
]5— = === NLOQCD {massive)

E bis NLO QCD (massive) @ hi’ld.¥ 7*_7” E
-1 __ —— Beauty __
107 ¢ — 1 NLO

o i 1 norm. OK Aq(”i#
107 E ] 4 shape NOT &'  |owest order:
: E back-to-back
S B R (agii) ~ 1
—— Jet
x}l? bs.=().75
lE — HERWI |
o'l PYTHAXLSG (1T LO+PS
! we need
107 p— — shape OK NNLO
norm. NOT or
0 Aji)
10-4 L1 ' NLO+PS
0 1 2 3 (MC@NLO)
AG"” (rad
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'E La :

e :

:g ° ZEUS DIS BPC D* (prel.) 98-00 g:

- v ZEUSDIS D* 98-00 ¥ -

3 E

- HVQDIS, M,=1.35 GeV, ZEUS NLO pdf fit .

EIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L IIIIIII 1 1 Illllﬁ

10 1 10 10° 10°
2 2

Q° (GeV")

0

O HI1 (prel.) 99-00
e ZEUS 98-00

—

HVQDIS m_ = 1.35 GeV
ZEUS NLO QCD fit
HVQDIS m_= 1.3 GeV
CTEQ5F3

+o+

-1.5

-0.5 0 0.5

Data described by NLO QCD over 5 orders of magnitude
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Beauty tag with p+jets

Use u from semileptonic decay and
separate b and c by:

- Large B mass: p/® (p, of  relative to jet axis)
 Large B-Lifetime: u Impact-Parameter

rel \
Jet é i H1 | B e Data
s | Mo -
10% ..... |
BL” o
6 !
B+ '
-oEr “005 0 005 01 015
J et Impact Parameter 5[ cm ]
v

. ZEUS
770 e zEUS 1999-2000
103 | RAPGAPMC

- . b-quark component:
102 -
10 ¢
' ty

1
10 E

S
3 |
@ |
o)

S

shapes in p/¢ and & from
MC (6 for HERA | only H1)

Ly b-fraction ~ 30 %
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Beauty in photoproduction and DIS

E‘- B ep — ebbX — ejjuX H1 % e H1 055<11 <11
-g140 Q%<1 Gev? A ZEUS % u ZEUS 1'6<Tl <23 - yp
E 0z yeoe NLO QCD (ZEUS) 1.2; $ NLO QCD @ Had:
| A Te Gy Noaco ¢ | g } 0.55 <" < 1.1 <€—diff. kin.
| | < 2.5 l l _310_ ! i A6 < <23 {_regions!
20| 1$ Il N :t <(:>G:(‘;) Ge(\)lz |ny<|2:5
| S ?
i
O.‘I‘.“I‘.“I‘.“I‘ P T |
-1 0 1 2 25 5 7.5 10 DIS
n* pi[GeVle
. . ) [ ep — ebbX — ejuX H1 i
Reasonable description of H1 and ZEUS data by NLO g ¢ Dam !
Z — NLO QCD ® Had
. ' NO i ----- NLO QCD
H1 data above prediction at low p}# Sl T
© s B Rapgap
B e
(P shape is described, «1 ;-
data S“ghtly above the S
NLO prediction ” o
Q[GeV?]
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Double tagging of bb pair

 two direct flavour tags, e.g. D*+u or U+

— large bg. reduction, no jets needed
— low p, and forward region accessible

(proton direction)

. . m
uds bg. indirectly S 1400
from like sign pu § 1200

1000
800
600
400
200

|III|III|III|III|I
-

i

[ JcTtMC
* [ ifibg

0

=

b-fraction ~ 50% beauty

b
o
(=2

_III|III|III|III|III|_
_ * ZEUS (prel.) 96-00 —
* [ IbbMC

[ 1Jly,y',BHMC

Muons

ZEUS

800
700
600
500
400
300
200
100
0

-

JMW

-2 -1 0 1 2 3

l-} measure total beauty production cross section at HERA:

‘ a(ep -> bb + anything) = 16.1 + 1.8(stat.) +3:3(sys) nb ‘

ONLO = 6.8 +(139 ND  EvNR+HVQDIS)
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Charm contribution to F,

dzdiz;cx _ 2(;5')’(2 { [1+(1—y)2+...}

(see talk of Kunihiro Nagano)

test/constrain
gluon density

or

obtain virtual charm
content (PDF) of
proton
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F e x 4
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Beauty contribution to F,

i

o0
o
T x=0.0002 _
AR F,*%(x, GP)
2 x=0.0005 :
07 i i=4  first measurement
« rise with the gluon density
0 - (towards smaller x and
larger C¥)
1 « data are well described by
, calculations
_17
10
i e HI Data
v HI Data (High Q%) x=0.032
— MRST04 i=
0 MRST NNLO Jf/
---------- CTEQ6HQ
P >> my? &4
10 T
10 10” 0,
Q" /GeV
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Detector upgrades for HERA I

upgrades most relevant for
heavy flavour production:

« H1 Fast Track Trigger >

* ““FORWARD REAR @
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Charm in HERA |l data

ZEUS

W

= ZEUS 98-00

H

first 30 pb! of
HERA |l data +

p)

ig- 2 i— « ZEUS (prel.) 03-05 I l —i
'% 1E it ) E i T =
~ E s T < i 1 =
© 05 =
0= | =
05— =

_]_ — | I I I | | I I I | l I I'l__

1 10 10 ) 10°
Q% (GeV?)

HERA | "excess" in charm e"p/e*p cross section at high Q? was statistical
fluctuation (as expected)
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Beauty in HERA |l data

ZEUS
- First preliminary results using new gm T
ZEUS MVD: 35- ® ZEUS (prel.) 2004
. first 30 pb' of HERA Il data &~ | . :f‘f;gihm
« combine muon p,;® with impact h .
parameter (p+dijet events) al
« Outlook: improve by BT
~ order of magnitude and ol :
new double differential f
measurements possible A
""""" R S
0 3 4 5 6 7T ] 9 10
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summary and Gonclusions

Heavy Flavour production in ep-collisions remains interesting testing
ground for perturbative QCD

charm production:

—  high precision data are reasonably described by NLO QCD, in yp data are
slightly higher than predictions

— NNLO or NLO+PS needed for some regions of phase space (yp)

beauty production:
—  reasonable description at high p/ getting worse (but still acceptable) at low p,?

— in DIS data tend to be higher than prediction (e.g. at low p,, large n)

Structure Functions (F,%, F 0):
—  both charm and beauty well described

—  first measurement of F,bb

HERA Il performing well and most data are expected to come. Expect

improved results soon!
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BACKUP
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Beauty cross sections vs. Q2

different

P

scales !

Key | Ref. [ Signature

| prcuts |

Photoproduction

¢ [18] | ppt low

pid [19] | D p low

* [20] | D" p low

A 21] | 2jetste medium
O] 22] | 2jetstp medium
| [23] | 2jetstpu medium
op [16] | tracks high

DIS

g [19] | D*p low

A [24] | tracks low

v [17] | tracks low

e [23] | I jettp medium
O [25] | 1 jet+u medium

(]
8 ¥ ZEUS Prel. D*u Correlations
ogl w H1 D*u Correlations
'3 = { ZEUS Prel. uu Correlations
_E’ A H1 FRb (low Q%) Impact Par.
1 7 ¥ H1 F2® (high Q% Im||:-act Par.
% A ZEUS P boeX by
| . .. rel
6 [0 ZEUS Wi OyliiX) Py
B H1 w: 0,iluX) 4+ p, ® Impact Par.
5 4 or  H1 Prel. vp: dijets Impact Par.
® H1 DIS: 6, (ejuX) | Py ® Impact Par.
I
4l % O ZEUS DIS: o, (ejuX) | Py
T W
3T w4+
A }
211 * $ +
MRST04$ ¢
1 ] —r
QCD NLO (massive) CTEQ6HQ
(massless)
i | |
w (Q*~0) 10 100 ,
Q? [GeV?]
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no clear trend
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2

—_——
ep — ebbX — ejuX

® Data
NLO QCD ® Had
NLO QCD
Cascade
Rapgap

2 < Q% <100 GeV?

201

do/dn"[pb]

10(

H1 -

do/dp'i[pb/GeV
)

eauty in DIS

ep — ebbX — ejuX H1
i E ® Data )
' i — NLO QCD ® Had
................ NLO QCD
— syt Cascade
........... Rapgap

2 < Q%< 100 GeV?

Data higher at low p.# as for the yp measurement.
Higher data also in forward n.
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3 | 5 1‘0
pi[GeV]
Q¥ shape is described,

data slightly above the
NLO prediction
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do/dQ?[pb/GeV?]

10

ep — ebbX — ejuX H1

® Data ]

— NLO QCD ® Had

i ----- NLO QCD
----------- Cascade
------ Rapgap
R
i ]
s ‘q
10 10
Q[GeV?]



Inclusive lifetime tags

Ewvents

most
significant
impact
parameter S,

Ewvents

2"d most
significant
impact
parameter S,

Feb. 2006

10—« HiDaa . . G
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[ - Uds .
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103 E e b a
E c
- (@)
102 E_ P it B R P
10 5 .
ELLT T et _ -
Coo i L1 r. | Ll L1 | [ I T |I-|-
=10 B L] -4 -2 2 4 6 8 10
51
o' * HiData g\'
= Total MC -
I— uds <
103 =_ ---------- H[“
E o w
- T
10 (o)
10 +
§ L ol
E—I—— 1 | 1 | 1 1 1 1
=10 B L] -3 -2 2 4 6 8 10

10"

10°
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(@)

mirrored

= H1 Data

Total MC
e uds
.......... C
----- b
S

e s T

——l i
1
I||I||| ||||i|||||| I||||I||||I 11
0 1 2 3 4 5 6 T 8 9 10
5'|
= Hi Data
Total MC
———- uds
.......... o
----- b
1...{beauty
imsmaman i m
} R ]
= _.+.___|__ .............................
- FTENNENY SRS P—
v bvvr by b bevvn b b b v by aag
1 2 3 4 5 6 T
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Contribution to the proton structure F.,

. 57 ~negligible
g T
_ 14+ (1—y)? —y2F (v, Q% ...xP}
dxdQ? — Q*x {[ +(1-y) yoF(x, Q%) + 3
at highQ”

Q% x=Q’/2pq oy
dQ*dx

OF(x,Q)

anything

2 ~bbX
oo

> (x.Q)

Inclusive lifetime tagging is used to determine fraction of
bb-events to all events
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Comparison of b and ¢ contributions

f qq

L3 H1 Data

- EX Fraction F,P5/F,
10 '— cioomt — and F2°°/F2 in DIS

x = 0.0002 - x = 0.0005
ol i é/
10 b - -
ij’ c %/ _
ty f g R MRSTO4 ¢
af i e MRSTO4 £
10 Frol Ll L ol Ll Ll
- t_,,.---- - e
_]',," e i
10 £ =
F x = 0.002 F x = 0.005

™
X

10 F -

E d F r

F /f F p

Lot L L 1

_ bl F /b changes from

oo I U - permill-level (low C¥)

10 7 x=0.013 = A7 x=0.032

e to percent-level

C " . 5 ]
%J_J_..—;IL""“ }.,' H1 ‘]??dtd (]‘:_11]{;‘—;1’1 Q ) (hlg h QZ)
- L

|
2

Ll . .......-’.'T’ Ll Linl Ll Ll
10 B ; .
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pQCD approximations

Massive scheme: Massless scheme:
* ¢c,b massive * ¢c,b massless
* neglects [ag In (Q4/m, ,2)]" e resums [0 In (Q¥/m_ 2)]"
* scale m,, scale: @2, p,

= c,b produced perturbatively N c,b also in Proton and Photon
(not part of the Proton or Photon)

e massive at small @@
» massless at large G¥
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NLQ vs. LO + parton shower

"direct y" "reSO|Ved y"
e e
e / e /
2 — NLO - Y NLO
E,E mmp jE1 - C,b Parton shower
C,b = jet C,b mmp jet
} Parton shower — let
y)im Parton shower
P p
% T %
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Inelastic J/Y production

J/v Colour Singlet (CS) contribution

— directly calculable

— available at LO and NLO

Colour Octet (CO) contribution

— introduced in NRQCD to describe
Tevatron data

— not directly calculable
— parameterized from Tevatron
— prediction for HERA, LO only
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Inelastic J/ in photoproduction

& ' ' ' ' ' ' ' ' - T |
210 ® ZEUS (38 pb) |1 g e ZEUS (38 pb") *
S s O H1 (80 pb™) (scaled) 1 o O H1 (80 pb™") (scaled)
[ ] KzSZ (NLO, CS) =10 2L O H1 (80 pb™) high W
o - |2 !
__:: L H 0.117 < ot (M,) < 0.121 =4
s 1 £ Ei 1.3 <m_< 1.6 GeV E
7 o
$§ .......... KZSZ {LO, CS) E _
1 __ g 53 50 < W < 180 GeV
10 F Y ; . 10 L p> 1GeV _
$ [ ] KZSZ (LO, CS+CO)
: ¢ : ' [] KZSZ (NLO, CS)
02l | [ 0.117 < o (M) < 0.121
: ] ' 1.3<m_<1.6 GeV
L . . L . | : % ._ 1 ! | | |
0 20 40 0 0.2 0.4 0.6 08
P2 (GeV?)
CS NLO/LO ~ factor 3-10! z = fraction of y energy

carried by J/W (in p rest frame)
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Inelastic J/Y in DIS

p-(J/W) >1 GeV

— S BRI LALELEN LA B AL IR B LY L L L I L L O
:ﬁ_suuo: | 3000¢ .
N E— CS + kt-factorization _ " o ZEUS 1996-2000 T
B - o ZEUS 1996-2000 .
_g 1000} © H11997-2000 _ —
10000 e _ - IO SRR .
E ,,,,,,,,,,,,,,,,,,,, .! ------------------ E CorT Tt 1. X . DT % """" :
[ ieininrane, 0 7 SO (N S g : ]
e CS - ?
100" e b b b b B B 100kl oo Lo Lo by by g by i
02 03 04 05 06 07 08 09 03 04 05 06 07 08 09
z z

Color Octet contribution not really needed to describe HERA data
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