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Heavy flavour production in ep collisions

Andrea Longhin on behalf of

INFN and Padova University _
ZEUS and H1 collaborations

Outline (selected topics) ® ¢ fragmentation studies
® c tagging via decay length: D™ in DIS
® HERA environment ® Open b production in DIS and PHP
® Theoretical framework ® Summary and conclusions
® D* in photoproduction
® c dijet angular distributions Not covered: J /U, Y, diffractive production,

non pert. parameters, structure functions
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HERA kinematics

V'S =318 GeV _ _ _
D o Kinematic regimes

—_—

* Deep Inelastic Scattering (DIS) Q2 > 1 GeV?

920 GeV 27.5GeV scattered e visible in main detector
e (k) e (k') * Photoproduction (PHP) Q% < 1 GeV?; (Q%) ~ 31074
i no scattered € in main detector — quasi-real y
Y (Q 5
/ HERA luminosity 1992 — 2000
o
proton (P) & (Xg ) ]

. . . 50
Kinematic variables |
4-momentum transfer: Q% = —q° = —(k —k/)? 140
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QCD LO contributions to open HQ production:

Boson gluon fusion BGF

“Resolved” y

: o Charm excitation in y
“direct” (point-like) y

—— >

probe g in p gp(x, Q?) 99 — QQ

Goal: study QCD dynamics with ¢ and b quarks

* Hard scale mg >> Aqcp — pPQCD calculations

_ Next to leading order calculations (O(ag)
k< Direct handle on
® gluon density in p xg(x) (via BGF diagram) % In NLO only sum of direct + resolved well defined
i . . and ep collisions
*< HQ quark — hadron fragmentation universality w P
A. Longhin
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QCD Next to Leading Order calculations

_ _ *< Resummed (“massless”) scheme
X Fixed order (“massive”) scheme

_ _ _ ® u.d,scare active flavours in p, y
® Only light quarks (u,d,s) are active flavours in p, y

o o ® “massless” charm is part of a structure function = cal-
® o explicit flavour-excitation component . o
culation include flavour-excitation processes

® Charm only produced dynamically via BGF
yp y y ® | arge logarithms (Q/m¢ p, /m¢) are resummed

® sch lid for Q2,p2 ~ m2
cheme valid for Q<, p7 Q ® Scheme valid for Q2?, pi>>m6

... a“merged scheme” has been recently developed: FONLL

hadronization : Peterson function

. 2(1-2)? _ pp
D¢(z) =N (el B=h

Monte Carlo generators (LO+parton shower)

® AROMA direct only, DGLAP evolution
® PYTHIA , HERWIG direct + resolved, DGLAP

® CASCADE direct only, CCFM-like evolution (angular ordering, ki dependent g-density)
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D*iny" p: signal

ZEUS

« ZEUS (prel.) 1995-2000 (127 pb™"
—— Backgr. wrong charge

0.15 0.16 0.17
M(Knr,) - M(Kn) (GeV)

D*t — D' — (K1)t +c.c.
f(c — D*) =0.235
B = (2.62+0.10)%

Clean tag: mp+ — (Mpo + My) ~ 10 MeV

£ =127 pb~* (ZEUS 95-00)
pP >2GeV, NP <15

N(D*) = 31350 + 240
better than 1% stat. precision
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D* in y* p: comparison with QCD predictions

— FO NLO, reasonable agreement, some deviations _
(E—pz)(D*) ) CTEQ5M1+AGF structure functions

E—pz)(tot) me = 1.540.2 GeV, o = /M2 + p?

— matched FONLL , Similar to FO, Slighlty worse UR = UE = |4, H_Zo <U<2-Ho
at large pr f(c—D*)=0.235

at forward n, low z (z = (

ZEUS
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© » *ZEUS (prel)98-00 8 | £ b
Q 10 s 1= 1280
= S i > e  H199-00 (prel.)
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§' g E. 1L —— NLO QCD ('massive’)
o) - =
< r
4: 510-1 = !
2] . I
0: L | P | % il
1 0 1 S10° |
T](D*) b [ T IR T T R
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Q 0.25 N R 1
o [ ke TELEEE o = 4
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B OIS | e 1T e <
. 10 - - a 25
At N R e T
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o5F 0 TR/ T T 155
, s F
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D* in y* p: dijet angular distributions

D* + at least 2 jets with Et > 5 GeV and Mjj > 18 GeV
® Jet angle w.r.t. beam in dijet CM system:

AN
N

® Associate D* with charm jet — sign of cos 8%

jetl  jet2
cos0* = tanh 1 2”

. T e—
xOBS _ YiasE € fraction of y energy in the hard interaction

Y 2yEe

® resolved enriched (X\?BS < 0.75)
@® Split sample into
® direct enriched (X\(/)BS > 0.75)

Strong asymmetric rise of cross section in y direction

“g-propagator” ' O=>
0(1—|cos®*|)~t v
“g-propagator”

0 (1—|cos®*|)~2

> clear indication for gluon propagator contribution
> charm in the photon

do/dcosd (nb)

S 2
-

&
o

0.4

—

0.0806 04 02 0 02 04 06 08

ZEUS

e ZEUS 1996 - 2000

- HERWIG (x 2.0)
PYTHIA (x 1.2)
PYTHIA: direct (x 1.2)
Jet energy scale uncertainty

X?bs < 0.75

PYTHIA: resolved (x 1.2)
X‘;bs > 0.75

NLO QCD ® HAD
NLO QCD
CASCADE

< 7y direction

* . .
cosO p direction —
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D* in y* p: dijet angular distributions

D* + at least 2 jets with Et > 5 GeV and Mjj > 18 GeV

® Jet angle w.r.t. beam in dijet CM system: 0.6 ZEUS
_ _ ° = | e ZEUS 1996 - 2000
njetl_rljetz \ 5
c0s0* = tanh 5 e A e . HERWIG (x 2.0)
_ 204 1 — PYTHIA (x1.2) O < 075
® Associate D* with charm jet — sign of cos 8* § ______ ] PYTHIA: direct (x 1.2)
(o) R A\ .
_ = asal T - Jet energy scale uncertainty
XOBS — ZjetsET e fraction of y energy in the hard interaction 0.2 i i-

Y 2yEe

® resolved enriched (X\(IDBS < 0.75)

® Split sample into
® direct enriched (X\C,)BS > 0.75) 1 I

Strong asymmetric rise of cross section in y direction I
0.5 [+
“g-propagator”
0(1—|cos®*|)~t
“g-propagator”
0 (1—|cos®*|)~2

___________________ ¥ 0.08 06 0402 0 02 04 06 08

(S £
P < Y direction cosO p direction —

> clear indication for gluon propagator contribution
> charm in the photon
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*
. (E+pj)°
— (E+ppE
Sensitive to
fragmentation
parameters.

£ =120 pb~?!

® k; clustering jets: E%-et >9GeV, n® <24

N
ol

1/odo/dz

05

ZEUS

N
T L —

15

e ZEUS (prel.) 1996-2000

—— PYTHIA (Symm. Lund + Bowler, r, = 1)
----- PYTHIA (Symm. Lund + Bowler, o= 0.5)
......... PYTHIA (Symm. Lund)

0.2 04 0.6 0.8

® D" — Krig: p? >2GeVv nP | <15

® D*-jet association: distance inn — @ < 0.6

A. Longhin

1/odo/dz

o
o

Charm fragmentation studies

ZEUS

N
I

05

r—— ¢€=0064

e ZEUS (prel.) 1996-2000

PYTHIA (Peterson)
- €=01

it o — +0.011
Fit: & = 0.064 + 0.006 **0

® Peterson best fit
(PYTHIA def.:0.05,e+e_:0.053)

04 0.6

0.8

0.011
e = 0.064 + 0.006799L1

® Bowler best fit: rq = 1 (default) (fora=0.3, b =

Heavy Flavour production in ep collisions

0.58 GeV ~2 fixed)
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Charm tagging via decay length

e HERA | data (48 pb~1)

[ candidates/ 20 MeV/c? |

Dt — K '™ e No particle
D" o KT % L Hipre  identification applied
> . - Fit
15000 — - S
] © 100 —
7 DY — K—1rt
10000 — g | ”z D°>Kn' e HI prel
= go] =2 200 — untagged - Fit
S 50 — + p= i
5000 — °. § i
no CST lifetimetag CST lifetimetag: S > 8 = :
0 | T | T | T | 0 | T | \ | \ | § 100 —
1.7 1.8 1.9 2 1.7 1.8 1.9 2 - 1
m(KTm) [ GeV/c® ] m(KTm) [ GeV/c® ] | it componiion:
[ ] Gaussian signal o
e Measure “lifetime” (I = yct) at 100 um level . ISR it
‘ I I I ‘ I I I ‘ I I I ‘ I I I ‘ I
e.g. H1 silicon tracker (CST) L7 18 19 2 21

] o m(Kn) [ GeV/c” |
® Reduce background via decay length significance S| = 1

O
Bckg | xO(300) Sign/Bckg T x O(50)

A. Longhin Heavy Flavour production in ep collisions Montpellier 04/07/2003



QCDO03 Conference

D™ production in DIS

DT — K1t
H1 data 1997/00, 48 pb~1

2 < Q%2 <100 GeV? 0.05<y<0.7
pP" > 25GeV, NP | <15

o(ep — eDX) = (2.16+0.19(stat.) "33 (syst.)) nb

® Normalization and shape well
described by LO+PS MC prediction

e Similar results for D* D° Ds
production

Fragmentation parameters: R g, Py, Ysalso
measured and found to be in agreement with
values in ete™ (test of c—fragmentation
universality)

A. Longhin
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Open beauty production

{> Cross section predicted to be low: Ocs: Oy, =200:1
(larger mass, half of the c-quark charge)

<> ... but smaller theoretical uncertainties due to larger mass of b quark (— QCD scale)

Beauty tagging at HERA

® Signature: muons or electrons from b semi-leptonic decays (B ~ 10 %) associated
with jets — signal enhanced sample

® Signal extraction: on a statistical basis by fitting the ditributions of sensible
variables:

® transverse momentum with respect to the closest jet (prTe') (high b mass)
® |lepton track impact parameter (d) (long b lifetime)

® charge angle correlations with D* (double tag tecnique) (AR(pH — D*)) (decay
kinematics)

A. Longhin Heavy Flavour production in ep collisions Montpellier 04/07/2003
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b production: impact parameter

Beauty in photoproduction (H1)

1415 | candidates
L=147pb7 !

T T T T ‘ T T T T
H1
10 2;
e
=
o
Lo
2
10
S
=
1t
-0.1 -0.05

— Fit
1 beauty
== charm

0 0.05 0.1
o0 [cm]

p'e! and lifetime analysis

e Data (prel.) H1 1997 data

mm fake muons |

Q2 < 1 GeV?
pt >2GeV/c

0.1<y<0.38
30° < " < 135°

A. Longhin

f, = (26 £5) %

Jet

0.15 ¥ - 5 Gev

3+ ptel 2D fit
H1 combined
AROMA MC
CASCADE MC (CCFM)
NLO pQCD (FMNR)

Heavy Flavour production inep collisions

100

~
[6)]

Muons /0.1 GeV
(éx
o

N
6]

b production: p,rel

13

-

H1

e Data (prel.)
— Fit

mm beauty

== charm

mm fake muons

fo = (27+£3) %

ptrel [ GeV ]

Ovis = 160 + 16(sta.) £ 29(sys.) pb
Ovis = 170 £ 25 pb

0]

NLO _
VIS

Ovis = 38 pb

Ovis = 67 pb
(54+9) pb
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ep — bb — ejjuX ep — bb —ej X
ZEUS ZEUS ZEUS
< A40_I HL I B BN IR BN BN B B rrrTTTrTTTTTTTTTTTTTTTTyTT Ty TTTTTT YT T Ty T
% %S“ (ep_>b5_>e jinX) \-g; L Eu (ep—>b5—>e il uX) mf.’- : ggmeas (ep—>b5—>e ii X) :
% " Q%<1 GeV? 0.2<y<0.8 =35f gg 1GeV? 0.2<y<0.8 E 2500 - ! i
o i . SO L <1 Ge .2<y<0. ° rel.) 96- E ~ 3 2.1 GeV? 0.2<y<0. 1
;g__ ______ £ ______ ?1];:32:75526:\, mi2.5 E E pi'2>7,6 GeV [nil<2.5 Eziﬁ(gcé’f:ﬁ. ] % (:,-1,,-21;, 6\;;,2 |Zl"|22?5
° o 30 PP25Gev. .. NLO QCD 1° 2000 1 ' ]
S0l sEspmEe | | P s
i I _____ NLO QCD ) 25 [ ] [ E== NLO QCD x hadr. 1
- I sk NLO QCD ]
20 = J[ i+ ‘
i 15 — """"""""" 4 1000 |- =
. of .
1F C 1 500 N -
| | I e
: | ; 1
PP B R B B B B C ] Q e b s Lo Lo b b b
= 0 b s e e L 0 0.1 0.2 03 04 05 0607 0809 1
3 6 9 - - meas
4 5 pi (GeV1) 1.5 1 0.5 0 0.5 1 1.5 2 n® 3
p'e! analysis L£=98pb!
fp = (27 + 3) % Prel fit separately in each bin
Q?<1GeV? 02<y<0.8 _
B 525GV 16<nt<23 Ovis(ep — bb — Jet Jet p X) = (733 £ 61(stat.) &= 104(syst.)) pb
pt1@ 7 () Gev NLO pQCD (FMNR) olLO = (3817127 pb
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Beauty In DIS

do/dQ? (pb/GeV?)

o
]
]
p I 0.05<y<07

ZEUS H

ole’p > e" bb X — e’ pt JetX) -

ZEUS (prel.) 99-00
NLO QCD (HVQDIS)

45<m, <5.0GeV =
1/4(Q2+4m?) < 12 < 4(Q%+4m?) |

10 - P,>2GeV,30° <0, <160°
C EP'S 6 GeV,-2<n® <25
r t,Jet Jet B
2 i (
10 ; 1
-3
10 L L L L L L1l ‘ L1 ‘ 2 L L L L L L1 ‘
10 10 10
2 2
Q° (GeV?)

p'® analysis

Q2 > 2 GeV?
pH > 2 GeV

+ at least 1 jet in the Breit frame with:
EBreit > 6 GeV

0.05<y<0.7
30° < 6" < 160°

—2<n"B <25

A. Longhin

| ZEUS 99-00 data

fp=(25+5)%

from PI®! fit - not shown)

15

ZEUS

'y
o
I

210 | candidates
L =60pb?

do/dlog,,(x) (pb)

T ‘ T T T T ‘ T T T T
ole’p—oe'bbX e ufletX) |

ZEUS (prel.) 99-00
NLO QCD (HVQDIS)
45<m, <5.0GeV
1/4(Q%+4m2) < 12 < 4(Q%+4m?) |

il

Q?>2GeV% 0.05<y<0.7

P,>2GeV,30° <6, < 160°
% EBetS 6GeV, 2<n* <25
t,Jet Jet

. -

f

3 -4.5

Gvis(ep — ebE)X — eujetX) -

CASCADE MC (CCFM)
NLO-DGLAP (HVQDIS)

Heavy Flavour production inep collisions

38.7+£7.7(sta.) 2 5(syst.) pb
Ovis = 35 pb
oNLO = (28.1733) pb

VIS
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Beauty cross section from D* + | final state

ZEUS data 1996/00, 114 pb~1, similar study by H1.

L ZEUS
method sensitive down to p? ~ 0

8 40 L ‘*‘ T > 40 L ]
® o - unlike-sign p-D ) 18 .. | e ZEUS (prel) 96-00 b)j
5 35 | o 35 | 1
S s ; beauty .
G 5 30 - =3 charm (prompt p) .
° % L 1] charm (fake p) ]
S 22 [ [ fake D' ;
© L ]
20 - v BAR<2 4
(&) L ]
15 - unlike-sign |
10 | Wb ]
5 | % , ]

20 e f—————1 1 ‘ ‘*1 |

. . . i d
Exploits signal extraction 15 ‘l' '1' )7
by studying g — D* 10 ] like-sign
correlations (angle and : ; b
charge) i

0 2 4 6 8 10
M(u-D’) (GeV)

o(ep— b or bX, yrap(b) <1, Q2 < 1GeV2 0.05 <y < 0.85) = (15.1+3.9 (stat) 52 (sys)) nb
oNLO = 5.073-7(th.) nb

A. Longhin Heavy Flavour production in ep collisions Montpellier 04/07/2003
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Overview: b-production at HERA : NLO - data

b cross section at HERA

|

> | | | |
o * H1p p,re!

g 6 | ® H1 uimpact param. (prel.) N
— O ZEUS e’ p,e

e O | m ZEUS pu pyel (prel.) a
e 4| A ZEUS D pu (prel.) )
o

A. Longhin

NLO QCD - ]
0 ePhPerr | | |
7 >
1 10 10
2 2
Q° (GeV9)

® Studied by both experiments

® Two channels (¢ — i) and methods
(“p%¥'~, lifetime, double tag)

® Both in yp and DIS

® NLO QCD predictions start to agree
with some of the new beauty produc-
tion results,but not yet fully consistent
picture (CAVEAT ! different kinematic
ranges, different approaches to pertur-
bative calculations, decay, acceptance
corrections)

e Still some HERA | data to be analyzed

® More precise measurements expected
from HERA |l data !

Heavy Flavour production in ep collisions Montpellier 04/07/2003
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Summary and conclusions

e Heavy flavour production in ep collisions is a good testing ground for
PQCD

e Charm production in reasonable agreement with expectations , some
aspects need further clarification (theory failing in certain phase

space regions).

e HERA Il higher luminosity and new detectors in both H1 and ZEUS
(better tracking, coverage of forward region) will contribute to resolve

remaining issues.

A. Longhin Heavy Flavour production in ep collisions Montpellier 04/07/2003
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10 7

Muons / 100 pm
[
o

-0.1

b production in DIS
2

Beauty in DIS (H1) (opt.)

H1

A —
e Data (prel.)
— Fit

1 beauty

== charm + fake |

-0.05 0

0.05

0.1

impact parameter & [cm ]

0.15

2 < Q2 < 100 GeV?

pi >2GeV/c

0.05<y<0.7
30° < B < 135°

A. Longhin

171 p candidates
£ =105pb~?!

f = (43+8) %

5+ pte! 2D fit
AROMA MC

Muons /0.2 GeV

CASCADE MC (CCFM)
NLO-DGLAP (HVQDIS)

Heavy Flavour production inep collisions

20

19

H1 ° Data (prel.)

— Fit
1 beauty
== charm + fake |

0 1 2
ptrel [ GeV ]

3 4 5

Ovis = 39 +8(sta.) = 10(sys.) pb

0]

Ovis = 9 pb
Gvis = 15 pb
MO (11.4.2)
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Resolved Yy in charm (opt.)

7\ T T T T T T T T T TTTTTT T l
1.2 - e ZEUS (Prel.) 1996-2000 (104pb™") 7
- = CASCADE ]

- ET e f f
OBS __ YjasE € N : 1 == AROMA . -
® Xy U= NE fraction of y energy 5 .

In the hard interaction

® Study the ratio of resolved/direct:

0(X"°<0.75)
0(xP85>0.75)

G(X,0bs < 0.75) / 6(x,9bs > 0.75)

vs Q? in presence of charm

0 Lo -3\\\\\\ -2\\\\\\\ -1\\\\\\ | Lol 2\\
10 10 10 1 10 10

® no significant Q2 dependance Q% (GeV?)

ZEUS

(differently from inclusive case!)

‘ T T \\HH‘ T T \\HH‘
e ZEUS (Prel.) 1996-2000 (104pb™)
== SaS1D (All flavours) 7]

Estimation of extrapolation to full -
D* phase space using HERWIG

g
(3]
I R

e ki dependent g (CASCADE) gives good
description

N
T

-t
(3]
UL B
|

® Suppression of resolved w.r.t. direct due

-k
T
|

to m¢ and Q2 appear NOT to be indepen-
dent

o(x,0bs < 0.75) / 6(x,9bs > 0.75)

o

(3]

I
.

- e

H—@—H
o

|

[N \\HH-\\\\HH-\\\\HH (AT [T 2\\
10 10 10 1 10 10

Q? (GeV?)
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D* in DIS and associated di-jet production (opt.)

L=4Tpb!

H1 99-00 data
Q2 >2GeV?2 0.05<y<0.7
p? > 15GeV, NP | <15

[ ]
o
H1 preliminary
E N @ H1D* (prelim.)
it - [] CASCADE
Nb 20 - [ HvaDIS
K C
? 15
g f
T 10| .
g =
5 SE
0 :I L1 I L1l I L1l I L %
0 02 04 06 08 1
ZD*

A. Longhin

do(ep—eD*X)/dn [nb]

NLO QCD (HVQDIS) low
CASCADE (CCFM) better (i.e. n,z)

H1 preliminary

FEEIE S

T 7T

E:

" @ H1D*(prelim.)
[~ ] CASCADE
- [ HvapIs

0
-1.5

-1 05 0 05 1
n

1.5

do(ep—eD*X)/dQ? [nb GeV?]

do(ep—eD*X)/dx [nb]

=

-t
o

-
o

H1 preliminary

Heavy Flavour production inep collisions

H1 preliminary

10

— 10 ¢
I > X
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4F———o— % - ] CASCADE
E g 0.06 i ] HvaDIS
3- % 5 \ I
] |
== 50.04 4 i
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