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The H1 and ZEUS experiments at the HERA accelerator

e HERA: ep collider — 2 accelerators:
- e (e"):27.6 GeV
- p: 920 GeV (820 GeV)
- center of mass energy: 319 GeV
 Running periods:
- HERAI 1992-2000
- luminosity upgrade 2000-2002
- HERA II 2002-2007 (end)

* Integrated luminosity on tape:
~0.5 fb™! (per experiment)

A
Hall NORTH (H1)
Half nord (H1)

Halle OST (HERMES)
Hall EAST (HERMES)
Hall est (HERMES)

Halle WEST (HERA-B)
Hall WEST (HERA-B)
Haif ouest (HERA-B)

AAAAAAA
DDDDD

Status: 1-July-2007
P e i

= -+ HI & Zeus experiments:
300 - HERA2 1 Multi purpose 4Tt particle detector
] with an asymmetric design.

» Most relevant subdetectors:
- Tracking system, silicon vertex
detectors and gas chambers
- (Calorimeter: LAr (H1), Uranium
e C ] (Zeus)
’ - R — - Muon chambers

Halle SUD (ZEUS)
Hall SOUTH (ZEUS)
Hall sud (ZELS)

-
y -

H1 Integrated Luminosity / pb*

100
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 Charm and Beauty quarks at HERA
are mainly produced in Photon-
Gluon-Fusion — sensitive to gluon
in proton.

« Hard scales for perturbative QCD:
- m ~5 GeV, p, of quarks/jets, Q=.

> multi-scale problem.

* Interpretation of Heavy Flavor X
measurements.

- Trust the pQCD calculations and Leading order Feynman diagram for
constrain the gluon density of the beauty production in ep at HERA.
proton.

- Take the gluon density from elsewhere
and determine the accuracy of the pQCD so= (k+ F )
calculation. x = 21%

q
0" = —(k—k'f
Q2< 1Ge Vz, Photoproduction
O’>1GeV’, DIS
Michel Sauter Beauty Production at HERA LowX 2010, 3



Beauty Production Models

 Number of theoretical approaches:
- Massless and massive schemes.
- General mass flavor number schemes (combination of massive/massless
scheme).

« Monte Carlo Generators, LO((xS) + Parton Shower:

- Collinear factorization, DGLAP evolution (PYTHIA for photoproduction
and RAPGAP for DIS).
- kT factorization, CCFM evolution (CASCADE).

- Used for data corrections and model comparisons.

e (Calculations
_ Massive scheme, NLO(O(SZ):
 FMNR: Photoproduction.
« HVQDIS: DIS.

- GM-VENS used in latest global PDF fits (MSTW and CTEQ).
> Used for comparisons of different models.

Michel Sauter Beauty Production at HERA LowX 2010, 4



D &

« Photoproduction:
- "Measurement of Beauty Photoproduction from Inclusive

Secondary Vertexing at HERA-II"
ZEUS-];)I‘G]-O9-OO 5 , http:/ /www-zeus.desy.de/public_results/publicsearch2.php

 Beauty in DIS:
- "Measurement of Charm and Beauty Jets in Deep Inelastic
Scattering at HERA"

H1 prelim— 10-073 , http://www-h1.desy.de/publications/H]1preliminary.short_list.html

- "Differential Beauty Cross Sections using Inclusive Secondary
Vertices"
ZEUS-prel-09-005.

 Beauty Structure Functions:
- "Measurement of the Charm and Beauty Structure Functions

using the H1 Vertex Detector at HERA"
Eur.Phys.J. C65 (2010) 89, arXiv:0907.2643

- "Measurement of Beauty Production in DIS and F," Extraction at
ZEUS"

to be published in EPJ C, http:/ /www-zeus.desy.de/zeus_papers/zeus_papers.html

Michel Sauter Beauty Production at HERA LowX 2010, 5



Tagging Methods for Heavy Flavor Physics at HERA

« At HERA beauty is only ~0.03% of the total yp cross section.
* Beauty enrichment is possible with:

Full reconstruction

1) Lepton tagging
« Use semileptonic b/c decay channels:
> look for p or e , high BR(b— lepton + anything)

2) Lifetime tagging 2" vertex mass tag
 b/c quark have long lifetimes: B
> look for displaced vertices. —— ,." B
> look for tracks with large impact parameters 9. Lifetime tag -,\*
3) p,™ tagging o 5
« Use high b quark mass
> look for decay leptons with a high transverse
momentum w.r.t the b quark flight direction.
4) Secondary vertex mass tagging Levton ta
« Use high b quark mass P o i
> look for high secondary vertex masses. ’
5) Full reconstruction of exclusive decay channel  tag p,
* Only possible for charm at HERA, eg. D*—Kr, Py ’ Y
J/Y—ppu , ee. No suitable beauty decay channels Jet

with high statistics.

- Combination of different tagging methods.

Michel Sauter Beauty Production at HERA LowX 2010, 6



Beauty Photoproduction from Inclusive Secondary Vertexing

* Analysis: ot axis
- "Measurement of beauty photoproduction from J
inclusive secondary vertexing at HERA-II" , *

ZEUS-prel-09-005.

Phase Space
- 0°<1GeV4 0.2 <y < 0.8
- Events with least 2 jets with:
« pJ1¥> 7 (6) GeV
o [N < 2.5 (one jet with central:
-1.6 < '@ <1.3)
- inclusive selection, no requirements on b decay
final state ‘1

Secondary
vertex

. HERA II data |
- 2006 / 07, 128 pb™" Projection
onto Deca
« Beauty tagging jet axis length
- Reconstruction of secondary vertex:
* Decay length
» Mass of tracks associated with the Beam spot

secondary vertex, m__

Michel Sauter Beauty Production at HERA LowX 2010, 7



ZEUS

M

Flavor separation:

ZEUS

8 = LA L B B A AL B T T — 5

— =« ZEUS (prel.) 128 pb — 3

£ 4 ! E F>YT|—||/|\0 : b) p \/ ZSm vix < 75 Gev*

c - rC+ = i

w107 E :

= PYTHIA( e

103 :_ PYTHIA (c) _;

E 7/ PYTHIA (b) g

1 02 2_ | . . 680 _E

:_ [® L“ / / 7 ‘.‘..;

106 | e ,

j..-ﬁﬂ.l LR ol i 7 ;

i .

1075 a7 92
-20 -10 0 10 20

S=d/déd

Michel Sauter

Beauty Production at HERA

Decay length significance :

S = DL / o(DL)

Symmetric distribution for light
flavors.

At high secondary vertex
masses m__almost pure beauty

contribution.

Fit mirrored and subtracted
decay length significance in 3
secondary vertex mass bins.

LowX 2010,
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Beauty enriched control ZEUS
distributions g [T 8
£ [ * ZEUS(prel)128 pb ]
I:Iu50-— \:| PYTHIA (b+c+f) ] :JOO
i PYTHIA(b) A
I I:IPYTHIA(C)
100_— .
200
50 -
e S I n G5 10 15 20 95 30 85
et Pr (GeV)
ZEUS
3600-_|"'|""|""|""|""|l |_ 8 _' [ TTT
LE. $] * ZEUS (prel) 128 pb”" ] ,E. i
""500:— % DPYTHIA (brc+1f) ] w i 1
PYTHIA (b) ] 300:
400:_ — |:| PYTHIA (c) _ i
C ] 2001 -
« Almost pure Beauty 300 % 5 i
contribution. 2001 / : [
« Good agreement between ook E I
data and scaled LO-MCs. ¥ % ] : o
0”1”“2I 3 4 5“I6“”7“ 0I2 4l”6l 8 I10 I12I”14I
m,,, (GeV) Multiplicity
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%: - L o I. I |1 i 3 CT T 117 L Y B Y L B T T 1 T
0102 E—— ZEUS (prel.) 128 pb - & - _
S - = 400 .
= N PYTHIA x 1.12 - >~ | ]
' - : e : -Q i |
T —— NLO QCD ® had =) - .
S 10- - 3300 .
& = — -] - J[ i ]
<R S i i | ]
- - - i e _

L —— _ 2001 l _

; ; i e e ZEUS (prel.) 128 pb™" ]|

L - | —

I il 100_— Jr ------ PYTHIA x 1.12 —_
107¢ E A— ]

- : - T —— NLO QCD ® had i

| | 1 I | | | | | | | | | | | | | | | | | | | | | | | 1 I -’- =

10 15 20 25 30 35 e Y- S
5 -1 05 0 05 1
P (GeV) et
. Differential cross section in p. ' and n.
* Good agreement with scaled LO MC (Pythia) and NLO
QCD calculation (FMNR).
Michel Sauter Beauty Production at HERA LowX 2010, 10



HERA

- do/dp2(ep—ebX)
T Q*<1GeV?, 0.2<y<0.8, |nb|< 2
—— NLO QCD (FMNR)
u? =1/4 (m* + p?)

$ """"" u2=m2+p$

(pb/GeV)
)

N

1 I.IIIII'I | IIIIIIII

-t
o

H199-00 b jet %
H199-00 by jet -
ZEUS 96-00 by jet
ZEUS 05 b—yp jet

H1 (prel) 06/07 b—p jet
ZEUS 96-97 be
ZEUS 120 pb™ b—e

H1 97-00 b—D*n
ZEUS 96-00 b—D*p.
ZEUS 114 pb™ bb—pup

ZEUS (prel) 128 pb™' b jet

do/dp®
=

1 IIIIIuI 1 IIIIII|I 1 IIIIIIII

10

L RNl OR EEN Jrgies

0 5 10 15 20 25 30
<p®> (GeV)

« Several measurements with different methods and systematics
confirming each other and covering different p_(b) ranges.

* General good agreement observed for jet measurements,
whereas lepton- and D*-double-tagging measurements tend to
lie above the NLO QCD calculation.

Michel Sauter Beauty Production at HERA LowX 2010, 11



Beauty in DIS from Inclusive Secondary Vertexing

* Analysis: ot axis
- "Differential Beauty Cross Sections using J
Inclusive Secondary Vertices" *

ZEUS-prel-09-004.

Phase Space
- 5 <Q°<1000GeV? 0.02 <y < 0.7
- Events with least 2 jets with:
« E'> 5 GeV

e -16<n*<2.2
- Inclusive selection, no requirements on b decay
final state

Full HERA 1I data set *‘_ I

Secondary
vertex

- 2004-07, 354 pb!
Projection
 Beauty tagging onto Dec.a?/1
- Reconstruction of secondary vertex: jet axis lengt
« Decay length
« Mass of tracks associated with the
secondary vertex, m__ Beam spot

- Same method as for Photoproduction analysis.

Michel Sauter Beauty Production at HERA LowX 2010, 12
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Michel Sauter

ZEUS

ZEUS

— L ‘ T ‘ —_— —| T T | | T
> [ . ZEUS (prel ) 354 pb1 2 600 . zEUs (prel ) 354 plo1
O e :f"—l .. HVQDIS ® hadr - HVQDIS ® hadr
2 ¢ : -- Rapgap x 1.6 . =3 5001 -- Rapgap x 1.6 E
{i’_ L -a-- ep — e’bbX — ejet X’ P C ep — e'bbX — e’jet X’
f i
S _— 400
o 105— =
s L C
3001
1= 200
100F
10-1 | I I | ‘ | I | | I | | | I T ‘ L1 11 | | N I -
5 10 15 20 25 30 35
Ey' (GeV)
%)) 2: ] 0 25
) . ] o 2f 3
Sl 82t s ., |
T s, $ T ] s * * s 5 ]
-~ [ 2 + 1 - 1: £3 1=
S os5E ‘ ) ) ‘ ) ] o] 055 ) ) ) ) ) =
5 s 10 15 20 25 30 35 5 s 05 0 05 1 15 2
E' (GeV) net

. Differential cross section in E ** and n’.

 Good agreement with scaled LO MC (Rapgap) and NLO
QCD calculation (HVQDIS).

Beauty Production at HERA

LowX 2010,
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Inclusive F <, szb and Charm-, Beauty-Jets in DIS

e Analysis
- "Measurement of the Charm and Beauty Structure Functions using
the H1 Vertex Detector at HERA", Eur.Phys.]. C65 (2010) 89.
- "Measurement of Charm and Beauty Jets in Deep Inelastic Scattering
at HERA", Hlprelim-10-073.

* Phase Space

- Inclusive F <, F - Charm-, Beauty-Jets analysis:
¢ 5 < Q<2000 GeV® ¢« 6GeV* < Q% 0.07<vy < 0.625
« 0.0002 <x < 0.05 « Events with least on jets with:

EJ> 6 GeV, -1< ' < 1.5

« HERA II data (both analyses)
- 2006 / 07,189 pb™

 Beauty tagging (both analyses)
- Reconstruction of secondary vertex.
- Displaced tracks.

Michel Sauter Beauty Production at HERA LowX 2010, 14
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Flavor separation
based on Track significance: S = 0 / ()

Measurement of ¢ and b Jets Measurement of ¢ and b Jets
(/)] 6 ] () E 3
<10°F . H{ Data H1 Preliminary - = £+ H1 Data H1 Preliminary 1 2
& [ —TotalMC .. —comnan s & [ — Total MC p= minay- 3 ¢
& Foa 3 @0 uds o L2
'.: JJJJJJ E..?! F oeemme b i
g 10°c - BG
10°
| 10°-
= 10= :
1;.-:\+';\¥Il\l\llvllllllll Illvlllg“;sllﬂ‘\lt1§ 15\V#lli-ﬁ-;”#\il1\ll1lll !Illlllll-.Tg
-20 .15 -10 -5 0 5 10 15 20 15 10 -5 0 5 10 15
Track significance S1 Track significance 82

« Symmetric distributions for light flavors.

* Beauty and Charm have asymmetric S1, S2 distributions
due to lifetime.

* NN discriminates Beauty and Charm.

Fit mirrored and subtracted distributions to determine
b, ¢ and uds fraction_s in each bin (x and Q¢ for structure
function analysis, E* and jet for n** analysis).

\74

Michel Sauter Beauty Production at HERA

Measurement of ¢ and b Jets

5L H1 Data H1 Prelimi =
10°5 __ Total MC reliminary -
uds (N2 3 )

L o o /
4 = H £ o =

10°F

E;l 1 l l:.l.ElF'Tll 11 1 111 !fl 11 l 11 l=l 111 I 111 | lr‘"-l‘l 11 I:
-1 -0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 1
NN Output

Neural Network input
includes S1, S2, S3,
2" vertex decay
length significance.

LowX 2010, 15



Inclusive F *, F be

Result of the fit converted
to a measurement of the
'reduced b cross section':

6_bl;(x’Q2)_ d20_b5 )CQ4

CdxdO? 2ol (14 (1= 1))

The structure function szb

is evaluated from the
'reduced cross section':

~ bb bb y bb
o =F, — F
Col+(1-y)

FLbb estimated from NLO
QCD calculation.

« Data well described by all
predictions.

« Small differences between
CTEQ NLO and MSTW at
low Q%

Michel Sauter

H1 F2°(x,Q%)

© /. x=0.0002
X K i=5
|Q
g x=0.0005
i=4
10
x=0.0013
i=3
1 |

x=0.005
i=2

- =0.013

E i=1

I e H1Data
2 i MSTWO08 NNLO X=igbO32

10 | mMsTWos i L=
E CTEQ6.6
111 | 1 I L L L0 | 2 | | 3
10 10 10
2 2
Q°/ GeV
Beauty Production at HERA LowX 2010,




H1 Beauty Jet Cross section ] H1 Beauty Jet Cross section

> Q 250_ i

S ~ e H1 Data (Prel.) ] 2 [ H1Preliminary e« H1Data (Prel) -

Q2 7 SXNLO 2 (Q%+E2+MP)/2 ] S 2001 S NLO pa (Q%+E2+MP)/2 ]

= 10k Mo — NLO p=\ Q2+4M2 o i — NLO p2\ Q%+4M?
9D - - ] ©

Y - MSTWOSFF3 ] i - MSTWOSFF3 -

'g - i 150 —

T * | - i

100\— N

1= E - AN

C ] i AU

i i 1 50— .

- H1 Preliminary ] - ‘ i

[T N A N N T AT NN N N NN HANT NN TN TN A B RS B - T T T T T T ]

10 15 20 25 30 35 0 0.5 0 0.5 1 15

EX' / Gev n'®

 NLO QCD calculation (HVQDIS) gives good data description for both scale
choices.

Michel Sauter Beauty Production at HERA LowX 2010, 17



Charm-, Beauty-Jets in DIS

d o/d E.*'/ pb/GeV

H1 Beauty Breit Frame Jet Cross section

H1 Data (Prel.)

S NLO pa, (Q%+E2+M2)/2-

10

&

s

— NLO p2\ Q2+4MP

MSTWOSFF3

H1 Preliminary

TS

IIIIIIIIlII|III|III|III|III|IIIIIII

6

8

10 12 14 1

6 18 20 22 24

E./ GeV

« Analysis extended to Breit frame. (Theoretically favorable and used in
previous HF analyses).
« NLO QCD calculation (HVQDIS) gives good data description for both scale

choices.

Michel Sauter

Beauty Production at HERA

LowX 2010,
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Beauty in DIS from Decays into Muons

e Analysis
- "Measurement of beauty production in DIS and szb extraction at ZEUS",
to be published in EP]J C.

* Phase Space
- 2GeVE < 0%,0.05<y<0.7
- Events with least 1 jets and an associated muon:
. ETjet> 5GeV, -2 < <25

« P> 1.5 GeV, -1.6 <n"=< 2.5
« AR = %(ACIDZu ot Anzu J_et) < 0.7

« HERA I data
- 1996-2000, 114 pb™!

 Beauty tagging
— Muons with high transverse momentum relative to jet axis, pTrel.

Michel Sauter Beauty Production at HERA LowX 2010, 19



Flavor separation PYIeYY
p, of muon w.r.t. jet: pil=
P e

p, distribution contains at high

values a Beauty dominated tail ZEUS
due to the high Beauty mass. S 10°[ T A
c - .
: o . . ® ZEUS 114pb’ |
- Fit measured p ™ distribution d“ :>j i US_ Po™
_ _ - ="~ MC bb :
with a two-component fit to MC cBsLF
determine fbb fraction. e — MC bEscBsLF
du=fb13'dﬁb+fbkg'dzkg i .'"‘I -------
Beauty template Background (charm and 102 :
distribution light flavors, LF ) - i |
determined from  template distribution : | | T ’
MC determined from MC 0 05 15 2 25 3
and data. Charm-LF rel
fraction fixed. P; (GeV)
Michel Sauter Beauty Production at HERA LowX 2010,
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Beauty in DIS from Decays into Muons

Differential Beauty cross ZEUS
sections as function of =~ 5
u u jet d jet & - ® ZEUS 114 pb'’ 13' 40/
Py N Py ahd 1. g e P oNChMeRset | F as
j:g:_ 10 _8 30§
« Compared to NLO QCD 3 zz 5
calculation (HVQDIS) and ; o
scaled LO MC (Rapgap). i oL
« Shape reasonable | 5}| """"
described. 2 3 4 5 6 7 ‘su 9 10 A5 1050 05 1 15 2 25
« Data seems to overshoot Py (GeV) n
predictions at low p_'s. § 10 . _f; o
g R
E'Qh % 25} lllll
] . pesaaa
I 200 :
¢ 15| }
= 10k emrnenns
| ‘ ‘ 5 ‘
5 10 15 20 25 30 15 -1 05 0 05 1 15 2 25

P} (GeV) n*
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ZEUS

M

 Result of the fit converted to a
measurement of the 'reduced b
Cross section':

dngzé xQ4
CdxdO? 2ol (14 (1= 1))

O~_bl;(x) QZ)

 Data compared with H1 and
previous ZEUS measurement and
various NLO calculations:

- Data are compatible within
uncertainties, however ZEUS
data has a tendency to be above
the H1 data.

- NLO calculations in general
agree with data; HVQDIS
underestimates ZEUS data at
low Q° and x.

Michel Sauter

0.15

0.125

0.1

0.075

0.05

0.025

ZEUS

x=0.00013 i=7

‘W&?

IIIII

e ZEUS 114 pb™, this pub.
o ZEUS 126 pb™
o H1

| x=0.0002 i=6 # [ ] ZEUS-S+HVQDIS
i — GJRO8 NLO
. - R ABKM NNLO
| x=0.0005 i=5 --- MSTWO08 NLO
Y A T MSTW08 NNLO -
— — CTEQ6.6 NLO -]
| x=0.0013 i=4 4
[ x=0.002 i=3 Q’M i
[ x=0.005 i=2 i
| x=0.013 i=1 _
- x=0.032i=0 ]
1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 -
2 3
10 10 L2107
Q° (GeV?)

Beauty Production at HERA
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Summary and Conclusions

* Selection of recent HERA beauty production measurements

presented:
- Beauty from Inclusive Secondary Vertexing (Photoproduction and DIS)
- Beauty Jets in DIS
- Beauty structure function szb (2 measurements: impact parameter

method, decay into muons)

* In general a good agreement with NLO pQCD predictions for
the inclusive jet analyses.

Michel Sauter Beauty Production at HERA LowX 2010, 23
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