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The Experiments: H1 and Zeus
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Integrated Lumi:

% Heral (92-00): 120 pb-!
¢ Hera II (03-05): 180 pb!
% By June 2007 : 700 pb!
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ay Muon chambers, tracking and vertex detectors
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Heavy Flavor Production

e Hard scale: m, / m_, Q?,P?,
v pQCD applicable
27.6 GeV ()2 v" Multi hard scale problem
1%

Y c.b v [0 In(Q¥m,2)]"

=> Probe a large range of Q?
=> Study interplay of scales

Vs C,b

| (I) 2 kinematics regimes:
g &b v" Photoproduction (yp): Q* <1
920 GeV — GeV?2
. ~ v" Deep Inelastic Scattering (DIS):
L Q2> 1 GeV?
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pQCD approximation

Massive approach:

“*Fixed order calculation in o,
with m_ = 0

“*HQ produced only dynamically

L Massless approach
2 cb “*Resums in o, withm, =0
=1 ) (HQ 1s flavor active in
o £ P structure function)
— —> *Reliable at p, >>m,

Intermediate (or variable) scheme :
massive at low Q?, massless at high Q?

G. Leibenguth, Heavy Quarks studies at HERA LISHEP 2006



Experimental Conditions

Total production rate at HERA:

Ouds Ocharm: ObeautyN 2000 . 200 . 1 0.20.‘
5 o X
Main reason for beauty suppression: e Gluon dens.
phase space, 5l
5 0720 Gl
Xy 2> - '\ (=200 GeV*
E,-}, . 920 GeV 10 '

5 g
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Charm Overview

Photon structure ot

(photo-production, ~
photon quasi-real) Breg

H1 PDF 2000 ) ,
Q*=10 GeV?
s ZEUS-S PDF

Strong coupling: =———p /-

“small” (charm /beauty
masses)

920 GeV

xg(x)/20

"
Factorization of pQCD and non pertubative
components
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vg Charm Production at HERA

Boson Gluon Fusion Dominate (@LO) :

=> Direct process yg — cc dominates, in yp resolved contribution
plays a significant role

Factorisation:

o = proton PDF ® o ® photon PDF ® fragmentation function

Y849
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Charm Tagging

ZEUS
~ 6000
. . 2 [ + ZEUS (prol.) 1995-2000 (127 pb”)
v" Via D* resonance reconstruction : S [ — ackor wongchage
. . g S000 I ¢ DY DO‘,TEE
D*—K-w'n’, knowledge of kinematics, = = | o KFnt
. = L ¢
signal and background §°F

v' Via lifetime tagging (vertex detector) wol b

o D o Kant e HI c D' 5> Kxnnt e HI 2000 |- .
= - Fit = } - Fit : C e
= L e ’ .
T 100 “W"fu._ > 100 1000 |- ‘ ‘M
£ - a) e b) ; - L
3 3 / :
35 10000 = . f [ | |
g - 3 i x 0 014 0.15 016 0.17
20 + W M(Krn,) - MKx) (GaV)
5000 " -
i—” ‘+;0_?_§
_I no CS'JI’ life litlnc tag | I (“QTIIIh time }ag: S|?8 Large Sample
() L L 1 1 () 1 1 1 1
17 18 19 2 17 18 19 2 ~ 40000 D* (Hera I)
m(Knn) | GeV | m(Knan) [ GeV |
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Charm spans over Q?

v' Q? evolution describes data over 4 orders of magnitude!

ZEUS

o T T
>

8 10

S 1

S

10

o

% 1 0'2 ®  ZEUS DIS BPC D* [prel) 98-00
~

@ Y  ZEUS DIS D* 98-00

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

uul A EETT | L 1 aaaul el T
10" 1 10 10° 1203
Q® (GeV)
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D* yp inclusive cross sections

NLO “massive” and ‘“variable scheme”

— | T —
> o 14
3 v  ZEUS (prel.’98-00 a) | € :
O 10 [ Y S
£ S
~— ©
— 1 O 10
o3 _
g 8|,
B 10 A
-2 4
10 | 4
A 2
10
| 0

5 10 | 15 éO -
pr(D) (GeV) n(D)
Impressive agreement between data and predictions on 5

orders of magnitude! Large theoretical uncertainty
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Charm Dijets

e ZEUS 1006 - 2000
HERWIG (x 2.0)
— PYTHIA (x12) x?lu. < 0.75
] PYTHIA: direct (x1.2)

. Jet energy scale uncertamty

In charm djjet event, reconstruct

momentum fraction of parton from
photon side

do/dcost

2.8 + ® ZEUS 1996 — 2000

(nb

: CASCADE (x 0.7) 1

2~ 5, F HERWIG (x 2.1) ik. 1 E :
S < | —— PYTHIA (x1.2) ALl

\C =~ PYTHIA: resolved (x 1.2) ¥ Tite- + i
= 1.5 ..... g

L Jet energy scale uncertainty

-08 -06 -04 -02 0 02 04 06 08

D* 1n photon direction: «yDirection  cosO’ p Direction —»
5 o o . c J )_7].]
Increase in y direction: E :jl o ( E L e )

: . Emm!* ’ ‘ObS —
c-Excitations components 8 Ly =
o
)

| ZyEe
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Charm Jet Production

ZEUS charm + dijet

oms0rs '] D* and jet production
| == emee NLOQCD (massive) — .
sesis NLO QCD (massive) & had "o B X obs <0.75 . Jet
1oL — Beaut * ? + _l_; ( v )
— 1 * Tagsecond hard
O ,—_I_ 3 parton by ajet lowest order:
10 NLO . (kt algorlthm) back-to-back
10° f ... . 1 =Provide an additional (AWl - m
e . hard scale
) J— l-;ERWI
Toal PYTHIA ! ' ) .
i T NLO: shape wrong, normalization ok
O
Lo [ 10+ps A LO + PS:shape ok, normalization off
R E— B

A(p‘i'] (rad.)
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Charm Fragmentation

8. H1 hemisphere method:
=35F ® Hi Prel Data 2000|
St o opaL <~ (s)>= 10 GeV
- 3F A CLEO ; = (E+pL)n*
52.5 :— T i Zhem“‘j+p)
g 2_ | %‘ ‘%R} OPAL <V (s)>~91.2 GeV
: i
1.5} g 2 = 2Ep-/+/s
1t & iy CLEO <A (s)>= 10 GeV
0.5 - ; Ag" é - 7 = pD*/pmax
0 :? PP ST R N S ST SR ST SN S SR m‘l .
0.2 04 06 08 1 HERA data: competitive
Gluon splitting: OPAL @ low z Z precision with e*e” data!
G. Leibenguth, Heavy Quarks studies at HERA LISHEP 2006



Fragmentation Functions

Fit theoretical prediction to the data, extract MC parameter
= values of € parameters (@ LO): Peterson © f(z)~ 271 1= 2 — =72

/ZEUS: ¢ =0.064 +0.0006, Zeus: photo-production data

HI(HEM): ¢ =0.018 £ 0.004  Hem method in DIS

i 3 ! 3
H .5l ® HiPrel Data2000 8§ .5l ® H1Pel Data2000
& 3
L 2 2 21
i 1.5 15k
|

Kartvelishvili
- MCa=4.5
+ 20 band

| —

Kartvelisiwvili
— MCa=59
+2c band

Petarson
e MC & = 0,018
= 2o band

.....
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Fragmentation Fractions

¢ All Charm decay Channels Studled Charm Fragmentation Fractions at HERA

* Universality of charm 08 | |

fragmentation observed S
' v f(c—D")

« Up and down quark produced
equally => strong 1sospin 0.4 ¢ f(c—D")
invariance holds

+ " f{c—=D")
&7
Hr.' fed — — ’
M ed 0.2 +| ¢ % s f(c—D,)
|
. d
ZEUS (prel.) DIS | —+ @} 1.46+017§18 T +| A A flec—A)
ZEUS (prel.)vyp WM
H1 DIS .t DIS  DIS w e
ALEPH HD—' 0 H1 ZEUS(prel.) ZEUS
OPAL O i
DELPHI o . .
0 1 > Nice agreement with LEP data
Hufd
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Beauty Measurements

Photo- DIS DIS
production | Q2>1GeV2 | Q2>150 GeV?
P, >0 GeV uu Inclusive Inclusive
D*u lifetime lifetime
P. > 6 GeV utjets utjets utjets

P, > 11 GeV Jet-jet
Incl. lifetime
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Beauty Tag, Muon and Jets

u from semileptonic b decays, separation power from:
v B mass: P (p,of u w.r.t jet axis)
v' Large b lifetime: impact parameter &

rel _ o
4_Q77$ Jet /_L :"-._ 'é H1 0 Data
T >\: p Jet S
s T !
B Jet
1 oo :
Jet -oLr o T o
Impact Parameter 5 [ cm ]
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Inclusive Lifetime Analysis

Use all tracks (p> 0.5 GeV) with  § |
silicon information " el
Significance of signed impact wh
parameter: 5 i

Q
Y
=
S—"

’sm Rl
- e

e HiData ' Signi |
Total MC ' ificance S2

—mm- uds

&
&
N
.
-
N
.
.
.
=

Subtract negative side from a Al e
.. < e uds
positive, enhance charm and beauty; | c
Example: tracks with 2" highest =
significance T = — C—
B T IIT socvr oo vt |
S,
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Double Tagging: D*u and uu

i D*F * D*u: Separate charm and beaut
Charm: "o e y
/f‘ with charge and/or angular
Frag. correlations
i o ﬂ voBonn0s, o W b-contribution from excess of
/e unlike sign muon pairs

JA _\_,_7_ E‘;/i

4 / ®

\
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utlJets: Beauty in yp

H1 (®): 2D-fit to p;l and & Zeus (m): 1D-fit to p/®!

=) > .
& 40 ep > ebbX - ejjux @ H1 3 ® H1 -0.55 <" < 1.1
= , . A ZEUS =S = ZEUS -16<n"<23
.c Q° <1 GeV Q_
B 02<y<08 NLO QCD St i NLO QCD ® Had:
o] p! > 2.5 GeV o

p:eu(?)} 7(6) GeV ¥ -0.55 < T]'u <11

do/dp
o

1.6 <n" <23
¥y n

' <25
Q’<1GeV’; 0.2<y<08
20 pi"® 7(6) Gev: |ni| <2.5
1 1 1E

1 0 1 — 2 2.5 5 7.5 10
n" p' [GeV]

i

NLO (FNMR): shape close, agreement within errors
(H1 excess at low P*, to compare with yellow band)
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utlJets: Beauty in DIS

' S
20 H1 & H1
O Data 1\3_ 10 i @] Data
—— NLO QCD ® Had = ; f —— NLO QCD ® Had |
F eeees NLO QCD K, . meeae NLO QCD
| I 5 A=
10 |
} 1
________ S SN D ) N S
Proton dir.
05 0 0.5 1 ~a 6 8 10 12
n" pi[GeV]
NLO (HVQDIS): norm low Data softer
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D*u correlations (@ HI

- Q(D™) = Qu) Q(D*") = Quw) B autv:
= 90F 2 gim. it H1 cauty
- I D’p from beauty Vis X —
g’ 80: D*u from charm O-‘b (ep eeD MX)
70:_ [ ] Muon background
_ @ 1dim. fil 206 = 53 = 35 pb

(NLO: 53*14 ; pb)

Charm:

0, ¥(ep—>eD* pX ) =
250 + 57 = 40 pb
(NLO: 286%157 , pb)

Charm: good agreement, beauty: predictions too low

G. Leibenguth, Heavy Quarks studies at HERA LISHEP 2006



uw correlations (@ Zeus

Exploit data for background S ,c [ ® 2ZEUS (pret)96-00 f
: : . g —  PYTHIA+RAPGAP x 1.95 ]
determ1nat10n / SUbtraCtlon ;& 20 - — NLO QCD {FMNR) _
Eey ¢ ]
§ 15 | e |
2 5
c 1400 . * ZE_US (prel.) 96-00 10 | ]
2 ¢ [ bbMC l
w 1200 1 Jiy.y'. BHMC s | ; . i
[JctMC A i .
1000 4 1 Ifl bg est. o b — 1 , = L]
0 05 1 15 2 25 3
800 L AP (rad)
600 I .
*
400 MMM> 3.25GeV =2 W from
200( - different b’s
R E s e T LO: shape ok, norm too low
p! (GeV) NLO: agrees within errors
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Beauty Production Summary

* General trend: slight 8 % ZEUS Prel. DY Correlations
* H1 D*u Correlations
OVCrShOOt Of data VCTISuS 'ﬁ; 81 { ZEUS Prel. uu Correlations
. © bh 2
massive NLO =7t Vi e hehod  impatpar
% A ZEUS P: b—eX :ql
6 0 ZEUS »: o, iuX)  pr
. N H1 M o, (iuX) 4 p|r°'-’>f<~ Impact Par.
« difference between QCD 51 4+ & HIPrel.  p: dijets Impact Par.
. ® H1 DIS: 6, (ejuX) p:"' % Impact Par.
calculations al & 0 zEUS  Disicex | B
T 1Ag
3T - %
 need Hera II data for ST g i
improved precision 1 I:J‘ 4 é i
QCD NLO (massive) I S CTEQEHQ
(massless)
i | |
® (Q*~0) 10 100
Q° [GeV?]
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Charm Contribution to e-p XSect

Define charm contribution to proton structure function :

o _
d? gepP— cc X

dad()?

In analogy to inclusive structure function:

2 __e;
d=oP 5

drdq? > 2 Q7)

Recent measurement performed via lifetime tagging
(before, done by extrapolation of D* cross section)

X FQCE(:B? QQ)
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HERA Fz‘“‘ HERA F,

% 06 ) 2 ) = 0.00003 { 4’
[ Q’=2GeV? 4 GeVv” 7 GeV~ o™ L4 X *
O HI 96-97 (D"} DS"‘ x = 0.00005 (x 4'%) s
04 = H1 9900 (VTX) 1w - . '.'.c‘ x = 0.00007 (x 4 ‘2
: * ZEUS 98-00 (D*) 1 o x=0.00013 (x4"")
© ZEUS 96-97 (D* T 10° ‘,,,}‘e"" x = 0.00018 (= 4'%)
o2l o @ ? {“ ;;‘."_,4—' p X =00 nom«xd“)
e . o T
) - s T .ix_oooo-(x.u )
\ .
0 F— " — 107 rf‘/aﬂ,g,,ﬂ" = 0.0006 (x 4'2)
11 GeV 18 GeV 30 GeV . e L " e < = 0.0008 (x 4'Y
0.6 10 - _ .
me x=0.001 (x4™")
o4 ‘ 10° e x=0.0012 (< 4%
& e o X=0.0015 (x 4%
10+ i
—y ,‘...-x_UO()"lx-lr
02 T x = 0.003 (x 4%)
\ 18° T TE .
0 Sl g X =0.004 (x 47)
. . xr2 2 oy
. 130 GeV S00 GeV 10 - et Xm0 006 (x 4%
3 . x = 0.008 (x 4°)
04 3 . 10 O H196-97D* o " g, x=0012
. = H199-00 (VTX) Loogeee" Y4
e ZEUS 98-00 D* ,
02 ' \ \ © ZEUS 96-97 D* —e X ‘0‘;2"‘ 4 "’ 03,
3 - seees EYIIQ - B X =
k‘\ 10 === ZEUS NLO QCD et e
° 1 10 10’ 10°
s -3 s -3 -3 -1 2 72
10 10 10 10 10 10 Q (GeV")

BJ orken X
Good agreement with predictions using scaling violations

At low Q?, charm starting to constrain gluon density
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Beauty Contribution to F,

g * First measurement

02 . Rizse with g(x) (smaller x and larger
Q7)

) * First NNLO calculation (R. Thorne)
agree with HERA data, lower than
NLO (~ 40%)

|
10" N
v HI D;ta (High Q%)
S S
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Detector Upgrade for HERA 11

Most relevant upgrade for heavy flavor production:

» HI1 Fast Track Trigger ,u° ZEUS %0 Ak
] ¢ ZEUS (prel.) 2004 -
. S LF+ct+bb MC 3 o ZEUS (prel.) 2004
> ZEUS Micro Vertex g |— &F\?}'ICC 225 o ZEUS 96-00
b6 MC i :3; 3 NLO QCD xhad
Detector 107 L £} t
15 "
| 10 10 l
b
- T
D
* |
L0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 ° 3 4 5 6 7 8 9 10
o (em) p; (GeV)
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Detector Upgrade for HERA 11

Most relevant upgrade for heavy flavor production:
» HI Fast Track Trigger = uo{—7—-ZE8 ZEUS
» ZEUS Micro Vertex

(7
[—]

o ZEUS (prel.) 2004
o ZEUS 96-00
=3 NLO QCDxhad

— LF MC
-- ¢¢ MC

n

w
=
g LF+ce+bb MC
=

(pb/GeV)
o

— b MC | ol
Detector 10 L 20! ¢
_ , B
10 10 l
s
) H
D
ok
1 0 b e
:0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 T4 35 6 7 8 90 10
o (em) py (GeV)

First Zeus impact parameter analysis!

-

 e— s, —— e——— - e, o | ——— o ——
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Summary

Heavy Flavor production: test of pQCD
Charm production:

v' High precision data described by NLO

v NNLO or NLO+PS needed at least in some phase space region
Beauty description:

v’ Reasonable agreement at high Pt, getting somewhat worse at
lower pt

v’ Data tend to be larger than NLO predictions
First measurement of F,® Structure Functions

Hera II now on track, most data are still coming => higher precision
In view
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