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= Introduction

= Charm via D*

= Beauty via semileptonic decays to u

= Charm and Beauty via semileptonic decays to e
= Beauty correlations

. szb, |:2cc

= Conclusions & Outlook
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Heavy Flavour Production at HERA

= Boson-gluon fusion (BGF)

IS main production e
mechanism - "‘f”

= Concentrate on studies of 0
production mechanism:
= Test QCD (different hard . 5

2
scales, m, p;, Q°)

= Gluon Parton Density - -
Function? p %X

R
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Heavy Flavour Production at HERA

= Life (QCD) is not

. : Non-Direct
quite so simple © -
Direct Resolved Excitation
Q g Q
9, 9,
P L >X P L >X
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Heavy Flavour Production at HERA

= HERA (ep):

= p: 920 (820) GeV k) . ekl

= e:27.5 GeV Y (q°)
- Q2 =-q2 = (k-K)? 0
= Q2 <1 GeV? [
= Photoproduction — O
= Q%2> 1 GeV?

= DIS D - ;)X

s

R
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Heavy Flavour Decay

= Methods to tag HF: et et ot

= Reconstruct D* (or
other D mesons)

= Tag semileptonic
decay toe, U

= Use long B,D hadron
lifetime

= Jet properites

= Different tags probe
different kinematic
regions

R
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The Theory

= QCD Leading Order + = QCD NLO programs
Parton Shower Monte o We|ghted events

Carlos = Do not include parton
= PYTHIA, RAPGAP, shower
HERWIG, CASCADE " FMNRfor
_ Photoproduction

= Massless & massive . HVQDIS for DIS
matrix elements for .
S * Usually compare with

= Massive for beauty experiment by

= Used for acceptance applyln.g hadronic
corrections corrections from LO

Monte Carlo
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Luminosity & Detectors

2~ 600 | ‘-
‘0 i L N
% 500 |- -
o i P
£
E 400 |- THRNNE |?
- i b, wlatl
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B 300 ___,_._'E - = P
o _ T £ B [
E | 11275 GeV . . 920 GeV
200 | _ .
, | | | | Forward
00 200 400 600 800 1000 1200 1400 n= -ln tan 6/2 =i

HERA1 1996-2000
HERA 1l 2004-2007

Integrated luminosity on tape
~0.5 fb™! per experiment
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Charm Production

JEtl

= HERA |l data

= Two recent H1
analyses using new
Fast Track Trigger
= Photoproduction
= 93 pb' (2006/7)

= DIS at low Q2
- 247 pb (2004-7)

Jet.

E “Golden” Decay of D* }
D D't ->K'nm
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= Earlier ZEUS
measurements include

very low Q?
ZEUS

E""I LY | LY | L ! ""'j
. ELig\% epoDX

= Single function to
describe yp cross-
section over full Q?

range

do/d@® (nb/GeV?)

"y
(=}

w

s .

wl 4 vl
160 GeV) (nb)

-2

L]

l

o

3

-2 - + $
10 ® ZEUS BPC i t
3 O ZEUS DIS 98-00 é
10 —— HvaDIS E 2
E o
-4 ELE 10% | ® ZEUSBPC E
10 IIII| 1 L1 IIIIII IIIII IIIII 1 L1 1111 O ZEUSDIS 98'00 .
10 -1 1 10 102 103 O ZEUS Photoproduction 96-97
Q* (GeV?)
L llllll L l]l]l]ll 1 I]ll]lll L Ll IIII lll]l]ll 1 L L LLLL
HVQDIS describes data over 5 orders 10°  10?%  10” 1 10 10° 10°
of magnitude cross-section variation Q* (GeV?)
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Charm Production

= Photoproduction:

Q2 < 2 GeV?

= DIS:

Q2> 5 GeV?

.
o’
.
.
o
o
.

H1 Preliminary

HERAIII
* K: T nilow
fit

N(D*) = 20803 + 282
L]

5 < Q%< 100 GeV?
0.02<y<0.7
m D" <15
p, (D) >1.5GeV

> — =z |
gsooo — s, H1 Preliminary = I
” HERA Il Fast Track Trigger 2 6000 |-
o o, *KT+KT P -
@ @ -
©2000[ . = -
= ¢ . . o'ou‘."""o..""" Ll 4000
I.E 0...“...'0“. 0gt® o L
[ ] -
1000 ’ -
B (]
0y O <2 Gev? 2000
) 100 < Wﬂ“, < 285 GeV B
¢ p(D")> 1.8 GeV B
[ ] m(D*)| <1.5 =
0 | | |
0.14 0.15 0.16 0.17 0.14
M(K 7 7t) - M(K 71)[GeV]

LD*_%DOW_—)KJFW_TF_

| 0.16 I I 0.17
M(Knr) - M(K) [GeV]
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D* in DIS

= Cross-section as a

‘%' ; H1 Preliminary —e— H1 data (prel.)
. ) = HERAIl “sssszzs HVQDIS (MRST2004FF3nlo)
fu N Ct| on Of 2 be . HVQDIS (Cl'l'3E05f31) .
- QZ g _""”’"’ir 1<uQ/Jin:L
s 10 = cesrrrrs a(Kartvelishvili) = 3.3+ 0.4
* Q -
« P,nofD ol
. ) 0.02<y<0.7 —
= Photoproduction: g10° £ n@a<ts .
. W (Yp CM energy) c 12 — Theoryscaledby(lid /Go
n I +
D I S . . ' i -/ﬁ%%' ; IS { %
= y (inelasticity) os -

0 Compared tO MC 6 7 8 910 20 30 40 5060 102
Q2 [GeV1
and NLO predictions [Different PDFs show very}

similar Q? behaviour
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do(ep — eD*X) / dn [nb]

|

= Compare with MC

3 D* in DIS
H1 Preliminary —=e— Hi data (prel)
RAPGAP (CTEQ65m)
. HERAII RAPGAP (CTEQSlI)
CASCADE (A0)
2 I

5 < Q? < 100 GeV?
~ 0.02<y<0.7
p, (D¥) > 1.5 GeV

MC scaled by g9 /geale.
tot,vis tot,vis

1A bt

15
n(D*)

do(ep — eD*X) / dn [nb]

D* in DIS
3 P
H1 Preliminary —e— H1 data (prel.)
HERA Il sz HVQDIS (MRST2004FF3nlo)
HVQDIS (CTEQ5f3)
2 I
1 % 13<m, < 1.6GeV
wr= Q@+ 4m§
5< Q<100 GeV? 1%u <4
B gTO(ZDﬁ%I: ?; GeV ot(Kar‘tvelishvili) =331+04
| L 1 L | | L |
1.0 77 Theory scaled by Gfo“tt_i'[islcf;“"cvis
T ’ |
1
z A
' d £l
| S|
08
| 1 | | |
-1.5 -1 -0.5 0 0.5 1 1.5
n(D*)

Significant changes for different PDF
Cascade agrees very well with data

|

Data overshoot prediction at large n
Some sensitivity to gluon: MRST vs CTEQ
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Charm in Photoproduction ¢HI

= Compare with MC = Compare with NLO

D* in Photoproduction

o) - . . D* in Photoproduction
2 o5l H1 Preliminary e H1 data (prel.) _
[ . . e . .
S | HERAI —_ Pyth!aﬁ.z (massive) % H1 Preliminary e H1 data (prel.)
X 20 — Pythia6.2 (massless) 530~ HERAII
% - * — Cascadel.2 ;E“ I:l FMNR (CTEQ5f3)
T 15— t 0 = 1.23=:1::c:1.7GeV
S iaa :
g 10 _—I Q? < 2 GeV? \_I—IL % 0.5<urluo<2
B 100 < W, < 285 GeV ‘b’ +
51— p(D*) > 1.8 GeV T + »—*—‘_*_‘
B m(D*)| < 1.5 | |
L L L L 1 1 0 ;_i_
o 1 '4 i data theory 1000<<2\$7e:,< 285 GeV
1 .2 - MC scaled by Gmt,\lris'lﬁtm,\ris B PI(D*) 1.8 GeV
1 % 0 I|‘I‘|(D’*)| <I 1.5 . | | | 1 | | | 1
g-g I 1.5 -1 -0.5 0 0.5 1 1.5
6L . 1 . ! . ! . ] . L . *
1.5 1 -05 0 0.5 1 1.5 n(b*)
n(D*)

Significant changes for different MCs [Data overshoot prediction at large n
Pythia with massless charm
agrees very well with data
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= HERA Il data
- 124 pb' (2005)

= Photoproduction

= Dijet events
- P> 7(6) GeV

= Semileptonic decays
to muons (p.;* > 2.5 GeV)

* |Include lifetime
iInformation

A Heavy Flavour Production at HERA
. il Ian C. Brock
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W helix

4
Jet axis !
rel o
= P A = Impact ot i
e+
ZEUS ZEUS

2 1 g ® ZEUS (prel.) 2005 (124 pb"!
= ® ZEUS (prel.) 2005 (124 pb™) S . (prel. pb7)
= — LF+ce+bb MC
E = Deeeme B | = rMc

T bb MC 5| o e MC

- 10 bb MC

10°

- L]

L
102
10°
.
t
10 10
0 05 1 15 2 25 3 35 4 45 5 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
Prl(GeV) § (cm)
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o = 46.8+4.0(stat.)5](syst.)pb

o™? = 4157 pb | Renormalisation/factorisation scales
b quark mass

ZEUS B ZEUS

o ZEUS (prel.) 2005 (124 pb™)
e ZEUS 96-00 (110 pb™")
25t [ NLO QCD ® had

1 e |

30

25 o ZEUS (prel.) 2005 (124 pb™)
e ZEUS 96-00 (110 pb™)

" ‘ =+ NLO QCD ® had

15 peeeefstoneaeny 15 T s

do(ep—e’bbX—e’jjuX)/dn* (pb)

10 10

do(ep—e’bbX—e’jjuX)/dp} (pb/GeV)

3 4 5 6 7 8 9 10 -1.5 -1 -0.5 0 0.5 1
p} (GeV) "

V Good agreement between
HERA | and HERA |l cross-sections
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b & c in Photoproduction

= HERA | data

= 120 pb' (1996-2000)  Bkg
= Dijet photoproduction events

- E*> 7(6) GeV

= Semileptonic decays to
electrons (p.c> 0.9 GeV)

= Look for more variables to
determine L VO
b and c quark O////Z‘
fractions — &
/

separately  * Z

A Heavy Flavour Production at HERA
. il Ian C. Brock
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2
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b & c in Photoproduction

=S

= Use a likelihood ratio = Visible cross-section
method to separate

_ ZEUS
b,c and light flavour | |
a | ZEUS 120 pb-
ZEUS 2 ® boeX
n 3 Y c—oeX
S 10°F — NLOQCD E
©

o T T T
S10°F : < 3 ' ;
Zb“l e ! ] A PYTHIA
10*E PYTHIA (scaled) 3 I

10°F

102;

10

1 | 1 I 1 | 1
300 310 320
2InT s (GeV)
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Beauty

Charm

do,/dp? (pb/GeV)

do/dp (pb/GeV)

e
P ZEUS e
-

102- T 3 o 3
5 (@] & 120k ZEUS 120pb (b)
:-*": mg L ® boeX ]
— 3 100F — nLoqch
[t £ gof ----PYTHIAX 1.75

10f b : sor
: } ] 40 i

! 20f
|||||| (1]e 1 1 1 1 1 ]
12 3 4 56 7 8 45 -1 05 0 05 1 15
p; (GeV) n°

Y
(=)

1

1 2 3

P°>0.9 GeV

universitéitbonnl

4

5 6 7 8
p? (GeV)

Heavy Flavour Production at HERA

100F

f ZEUS 120 pb” (d)-

F c—oeX

:. — NLO QCD

[ ----PYTHIA x 1.28

----- f ----. e -
AT i

I

Tle

an C. Brock

= LO Monte
Carlo scale
factors:
= bx1.75
= ¢cXx1.28

= NLO absolute
predictions
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bb Production

= Double tag events jet

= Low background ©
= Larger kinematic range © h
= Low statistics © sacondary

- E.>8 GeV

= Two identified muons
= PhP + DIS

= Measure bb correlations
= Probe NLO effects jet It

primary vertex

A Heavy Flavour Production at HERA 24/06/08
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bb Production

ZEUS ZEUS
ﬂ250_|||\|\||||||\||||1||‘||||||\|\J_| = T
c B o ZEUS 114 pb = A i ) i
o - [ bbMC M BRE o5 [ ¢ ZEUS 114 pb- ]
W 200 1 Jhy, v, BHMC I H -g_ 3 (PYTHIA+RAPGAP) x 1.84 ]

-~ [ ] ce MC | - i""' 20 - =1 NLO QCD (FMNR®PYTHIA) T S
- [ ] falseub « | I -
150/ o | EE $
- ! | B ®f P
100— |- N | ;
- ] 10 | + .
50/ T S N { | |
L | [ + a
0 : | |'i-..-i"'||'|'|||'\'|\|:T : I' | + | | | lf

= A between muons from different quarks
= Correlations reasonably well described

A Heavy Flavour Production at HERA 24/06/08
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Summary of b Photoproduction

HERA

; 3 | | L] | I | L] | 1 I | L] | | l | | I L] I | | | L] I | L] | I
8 10°F ; dc/dp.':(ep—>eb)() E
‘.‘g_ b Q%<1GeV?, 0.2<y<0.8, [\°<2
| / NLO QCD (FMNR), u=p0/2]
) c;._ —— kt fact. (LZ J2003 set 1)
S, ¢ H199-00b jet
- Y H199-00 by jet
10 :
® ZEUS 96-00 by jet e N
A ZEUS (prel) 05 b—>y jet Plot actually
O ZEUS 96-97 b—e shows ratio of
1 0 H1 97-00 b—D*u measurement
m ZEUS96-00b—D*w RS to FMNR
10 -1 [ #II IzlEuﬁ ?G-IDOI bl_)q lel‘t L [ [ I [ [ L L [ [ [ L I [ L [ L K p /
0 5 10 15 20 25 30

<p> (GeV)

(No sign of large excess seen in first b production measurements ]
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b & cin DIS

= HERA |l data

» 107E 5
* 54pb*(2006) g . Teamc - H1.
- DIS ey :
- Q2> 12 GeV? e
= Use lifetime 10°¢

)
®
[ ]
°

information

1 helix

Jet axis

| | | | | | | | 1 1 | | | | | | | | |
-0.1 -0.05 0 0.05 0.1

o/cm
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b & cin DIS

S, highest
S, 2™ highest

= Significance:
0/ 0,

= Subtracted significance

Measurement of F5° and F;°

S bb o L. . H1 Data (Prel.) -
o Measurement of F;° and F, : D oE Total MC _
= -+ H1 Data (Prel.) c - . uds .
Q o5k Total MC H1i ] B . c
w ? _gds E U)N1035_ ] — b _
10°c—b E [ S =
- 2L L__TTh Lo —
103§_ E 10 E —————
102;E [ oo ]
105 . - H1
- e PR R B \ T \ |
ﬁ b2 a2 s 8 10 12
12' ] | 1 1 | | E S
10 5 0 5 10 2
S, :
Dominated by charm
Reject events when S, and S, have opposite sign  More beauty at high significance

A Heavy Flavour Production at HERA 24/06/08
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b & cin DIS

HI1 ¢ CROSS SECTION IN DIS

= Split data into Q? - x Nl gt t  gesor
(Bjorken) bins |

| |
j j ﬁf
« Extract F, from reduced \ :

cross-sections: i a0 o
2 0.4:— _
~ CC 2 _ cC y o7 7 |
O- x ’ - F - F 0.2+ L
( Q ) 2 (l—l—(l—y)z) L | 1% | \ﬁx\

= Combine HERA | & A e ol

e H1 HERA I+I1 06 e p (prel.)

HERA ” measurements 0.2: \H\W — MRST04
Hl1

A Heavy Flavour Production at HERA 24/06/08
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b & cin DIS

HIFZEUS F(,Q)

H1+ZEUS F,«<(x,Q”)
X X
'3 8 x=0.0002
e i3 i=5
x=0..0(2105
102 - 5
10

1
10
, ) F o HI HERA [+I1 06 ¢ p (prel)  x=0.032
1| 3 HUHERA 106 (prel) : [« ZEUS (prel.) 39 pb " 0
10 ZEUs D* : T MRSTO4 .
— ﬁﬁgoNthLO  —— MRSTNNLO
R e HVQDIS + CTEQSF4
10_2 L R | L | Ll 10_311111 L M A | L Lo
2 3
1 10 10° 0; 10 10 0,
Q’ /GeV Q*/GeV
Heavy Flavour Production at HERA 24/06/08
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Conclusions

= Small selection of HERA heavy flavour
measurements presented:

= D* production

= Beauty production via semileptonic dcays to e,y

= Double p tags

- cmc, F2bb
= General agreement with NLO QCD predictions
= LO Monte Carlos usually describe shape well

= Data often overshoot predictions in MC@NLO
forward direction for HERA?

R
A Heavy Flavour Production at HERA 24/06/08
. - Ian C. Brock Slide 28
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= Several HERA | measurements still to be published
= Expand kinematic region:

= Double tags
= Semileptonic decays to electrons
= Lifetime tags
= Combine tags
= Go forward! (sensitivity to gluon PDF)

= Use improved HERA |l forward tracking

= Many results with complete HERA |l dataset still to
come

R
A Heavy Flavour Production at HERA 24/06/08
. ) Ian C. Brock Slide 29
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Backup
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<dE/dx> (mip)

-y
|

-
o

-
(3]

-
=

-
W

-
N

—h
—h

-
(=)
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dE/dx in ZEUS

ZEUS
IHI T |||I'I'I1| T ||||I'II|_I_I'I'I1TI'I'|_I_I'I'I'I1'I'I'|_I_I'I'_II
H ae E
- A _'
i :
| oK _'
S B ]
I| . _:
1 10 10° 10° 10°

=
)

ZEUS
¢ 800 T I I
x %10"r
& | : '
DATA b 1
= 600 N
( ntrunc = 23 ) "
T )
400 ! (dE;:)fh-dE?dx m)?;!sEn‘dxm: 7
200 B
0 | - 1 L 1 L
-1 -0.5 0 0.5 1

(dE/dx - dE/dxpred) / dE/dxpred
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-
Q

= Electron identification
variables

Arbitrary Units
2

Y
=]
[

nial]
104"

0.5 1 1.5 2 2.5

Arbitrary Units

2

'c

=

0.5 0.6 0.7 0.8 0.9 1 e

EEMC!ECAL E

f

-
—b—oeX
----- c—oeX

24/06/08
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Beauty

jet 1

Charm

E et ZEUS rjet’
T
% T (.a.). 5 -'2|.5u's.12'o.pb.-*. ———r—r—r ,b .
(C) '*i_ =~ 100} e b—eX (b)
2 1 8 L — NLO QCD 1
10F 2
a 3 _{ 5 L --- PYTHIA x 1.75
5 : - "
_.Lul- _8
L
=]
]
1 b= [F— :
; 1 1 1 I 1 i 0. 1
10 15 20 25 30 -1 0 1 2
1 1
E® (GeV) e
— — 400 T T
= ' ' ' 1 2 [ ZEUS 120 pb” ’
8 10%E (C) r £ L v coeX (d)
8 5 1 3 300F — NLoaQcD -
a2 TLI— £ [ -~ PYTHIAx 1.28 ]
[ o [ ]
w 10F e S 200 }
o i [
~ [ T [ +
s | ! ' 1000———"""""
1 I """"" = -
T N ] 0. -------------- ; A2
10 15 20 25 3 -1 0 1 2
jet1 jet1
E; (GeV) N

= LO Monte
Carlo scale
factors:

= bx1.75
= ¢cx1.28

= NLO absolute
predictions
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= Split into different
charge
combinations

= Also use pp
invariant mass to
separate signal and
background

Most of background
can be estimated
from the data

Events

ZEUS

300_I T T | T 1T T 1T T 1T T 1T ‘9 300_| T 1T | T T 1T | T 1T | T T 1T ‘ T T T
+ - c + +/ « ZEUS 114 pb™ J
250 3 2 250 CObbMC -
- 1 m s [ Jhy, ', BH MC
O 7 C I:lGEMC T

200 . 200 [ false 1 bg
150~ — 150 —
100 - 100 —
S0F ‘ N 50— -
1.5 2 2.5 3 uu3°5 4 15 2 2.5 3 Ws.s 4
m, . (GeV) m,  (GeV)
300_IIII‘I\II|IIII|IIII|IIII‘I\I\llll\l\l\l‘l_l ﬂ 300_\\I\|IIII|IIII|\I\I‘IIII|IIII|I\I\|\III|I_I
- c r ]
2505 — 2 250 —

i 1T}
200 4 — 200 —
150 |4 — 150 —
100 — 100 —
’ =
50— - 50F I
‘ ) -

0IIII‘I\II|IIII|IIIIIIII 0_\\I\|IIII|IIII| IIIIIIII "‘L“-IJ |
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12

m}! (GeV)

m;,, (GeV)
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b & cin DIS

= Significance = Significance (2" highest
(1 track events) significance track)
0 10°- Measurement of FS° and F2° ] o - Measurement of F< and F2° _
= " E . H1 Data (Prel.) = [ . Hi Data (Prel.)
85 —Toamc H1. 8 —towmc _ H1_
: F_ U
104§—----b E
10°-
10% e
10: Tt
1; 1 L L | N
A0 5 0 5 10
S2

Reject events when S, and S, have opposite sign
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b & cin DIS

Subtracted significance distributions

Measurement of FS° and F2° Measurement of FS° and F2°
N I » H1 Data (Prel.) CDN :‘ - H1 Data (Prel.) -
' 104:_ 3 I —— _|
-~ f Total MC : L 10%F Total MC -
c = ~ uds i c - - ~ uds :
Py - 1 ' R c :
™ 3 M. W ------ — DN N R [ —

N 10 g E mN103§_ = * ) b _E
T 0 : - : :
20 *~ _ v 1
1008 L. é 10%E T E
102 [ P [ o 11— -
1—_| [ BRI IR RS RER N N A |__|-;_|--\__|_i T = I /AN NI AT SRR NN RN RN NN TR SO NN SIS N NN S S |

0 2 4 6 8 10 12 14 16 b 2 4 6 8 10 12
S, S,
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Reduced Cross-Section

_ d2 O_cE X Q4
dxdO’ 2’ (1+(1—y)?)
P NMCgen
PN P N P N

&cé(x’ 2)

5“(x,0%)=06(x,0’)
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