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The HERA Collider The HERA Kinematics

e+ p & W
27.6 GeV 820, 920 GeV (
" ep c.m. energy: s = (P+k)?
B *p c.m. energy: W = (P+q)?

exchanged momentum squared
& (photon virtuality) Q2= - g2= -(k-k')?

. & Q2 = 0 GeV2 — photoproduction
o Q% > 1 GeVV?2 — electroproduction (DIS)

NS SPETRA

——— L
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Strangeness Production at HERA

Kg
A, \
K*(892)
¢

‘Inclusive KgKq resonance
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Ks Production @

2<Q?%<100

0.1<y<0.6

GeV-?

HERA | data:1999-2000, 50pb-"

»0,.(ep —ekX)=21.18 + 0.09 "' . nb
» CDM A, =0.3 for Q?, n and p+
» MEPS A, =0.2 for Q?

» shape of n and low p ; show difficulties

"TH1

do(ep — e K] X)/dQ? [nb/GeV7]
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Theory / Data
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A, A Production @

HERA | data:1999-2000, 50pb
2<Q?<100 GeV?
0.1<y<0.6

> CDM A, =0.3 for Q2

>0,(ep — AX) =3.96 + 0.06 ¥ ,,, nb
»>0,.(ep — AX) =3.94 £ 0.07 *023 ., nb

» shape of n and low p ; show difficulties

—$- H1 Data

— CDM (3,=0.3)
.......... CDM (1.=0.22)
— - MEPS (1,=0.3)
---- MEPS (1,=0.22)

10=

*'H1

do(ep — e A X)/dQ? [nb/GeV?]
N
do(ep » e A X)Ide [nb/GeV]
————

—$- Hi Data

— CDM (4,=0.3)
......... CDM (2_=0.22)
— - MEPS (),.=0.3)
---- MEPS (1,=0.22)

Theory / Data
Theory / Data
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Entries per MeV
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- H1
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~4- H1 Data
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e CDM (Ag=0.22)
— - MEPS (1,=0.3)
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A differential cross section in laboratory frame
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@ K" and ¢ production

2 10000 |- H1 K © E
HERA | data:2000, 37pb-' 9 gooo|F o
Q2<0.01 GeV? 2 cooo| 4 wroma a
g —— F(m E
0.5 <p; (K*0,$) <7 GeV £ wooo| - mm =
 2000| - KO signal
HERA Il data:2005-2007, 302pb'1 my: s [GeV] m,: [GeV]
5<Q?<100 GeV? .
x10° K invariant mass
0.1<y,5<0.6 E 1325_ H1 Preliminary o H1 Data (Prel.)
0.5 <p; (K**) <7 GeV £ 7 HERAII '
Lﬁ 801
70
Clear K*0,K*t and ¢ are observed :gg
40?—
30
0,(ep — K*0X)=6260+350+860 nb 205
o,.(ep — dX) = 2400+180+340 nb 10F RS
- . , " ,
0,..(ep — K*X)=7.360.09+0.9 nb 05 06 07 08 09 1 1.1 1.2 1.3
M [GeV]
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Inclusive KgKg resonance

us
~ 8000 -
»HERA | + HERA Il data: ~500pb-" S o musosw'
* dominated by photoproduction 90%, 2 ) h"" —;*'f;;;;u:
while 10% by DIS % 4000 1 rvorae | I\\\“‘*‘-
« clear KS signal ~1260000 ; 4129 o T
* signal region: 481 <M(1r*117)<515 MeV o
0 ——*_ .
> Three clear enhancements, " ™
f,(1270)/2,(1320) , £,(1525) and f,(1710), | ' B o
were observed iy ,;’1, f iy . Ks
»The mass and width of f,(1270)/a,(1320), | [#1 ™ i == ™=
f,(1525) and f,(1710) are compatible with " L
1.1 1.5 1.9 2.3 2.7
PDG value M(KSKD) (GeV)
Mass Width PDG08 Mass Width
f,(1270) 126810 17617 1275.4%1.1 185.2+31
a,(1320) | 12579 114%14 1318.310.6 1075
f,(1525) |1512£3+14, .  83£9*5, 1525+5 73+,
f,(1710) |170125%9,  100£24+7_, 1724+7 13748
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Charm Production at HERA

D* in photoproduction

‘Excited charm and charm-strange production
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D* in Photoproduction

Esmm — *. H1 Preliminary
0 HERA Il Fast Track Trigger
o ¢ ., TKr+Knr
1]
»HERA Il data: 93pb-! goo , e
c '. o .....n.. . .
. . w - asngtetere
» Kinematic range .o
1000 | iy
o Q2<2 GeV2 ... 1050:2“:'??{285 GeV
B . p(D*)> 1.8 GeV
* 100<W<285 GeV? L e
» 0.14 0.15 0.16 0.17
* Py (D )>1 8 GeV M(K 7 ) - M(K 7)[GeV]
*
* [n(D*)I<1.5
D* in Photoproduction D* In Photoproduction
= 40
E 10 H1 Preliminary 4-H1 data (prel.) 3 H1 Preliminary -#-H1 data (prel.)
HERAII §¥ FFNS (CTEQSFY) -] HERA Il = FFNS (CTEQSF3)
%_ 13<m, <1.7GeV S 1.3<m, <1.7 GeV
3 [k 05<u /\miep} <2 3 30— 05 <u I\meep? <2
¥ 10F = GMVFNS (CTEQS.5) S = GMVFNS (CTEGs.5)
? 3 RS
& 4 L — 3 20 _
-
10° E f(:n:z\?f ,,V :zss GeV . o
E PitD.} e ==
L mo4<15
L e T ——r e T P IS RS M N T R
2 4 6 8 p.(D)[GaV] -15 -1 -0.5 0 0.5 1 15
t

Differential cross sections as functions of p, (D*) and n(D*)

v'Data in reasonable agreement with NLO predictions
(FMNR and GMVFENS)

v GMVFNS too steep in p,, slightly different shape in n
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Excited charm and charm-strange mesons production

the large charm production cross sections at HERA also offers a
unique place to study excited charm and charm-strange mesons

D,(2420)° —D**1 JP=1+

I
s ZEUS (126 pb™)

* * - - e a =L backgr. wrong charge
D*,(2460)° »D**1t", D*n~ JP=2* g,
N(D"™) = 39500 + 310

D,;(2536)* —D**Kg,DOK*  JP=1* o [

6000

Combinations per 0.5 MeV

4000 -

D*'(2640)* —»D*n*n-  JP=?? |

>HERA | data: 126 pb- .
» DIS and photoproduction D"—> Kn =,

— Gauss™ 4 backgr.

~ 30000 | | - - ~ 10000 |
2 e S 14000 I -2 e ZEUS (126 pb™)
' 25000 7 T D 12000 |- o 8000 (- =L backgr. wrong charge
[11] F ] I
Q [+ % [ [ w4
@ 20000 » ZEUS (126 ph'!) @ 10000 - a D :iKIH)E=+
-..% i Reflections subtractad -:% - o g 6000 |- N({D™) = 17200+ 210
£ 13000 1= Gauss™ + backgr. | £ - 2518 (128 d) E
I - 6000 [~ . p £ i
g 10000 - background fit g [ Reflection subtracted -E 4000
© N(D*) = 20430 + 510 © 000 - — Gauss™™ + backgr. 3
5000 |- i background fit 2000 |- — Gauss™ + backgr.
SH0E. b N(D"/D") = 22110 + 440
0 I I | 1 1 | 1 T | L ! o I B [T TN T N ST ST TN AN NN N 0 | | i \ | \
1.8 19 2 17 1.8 19 2 2.1 014 R e
Di K M{Knz) (GeV) 0 M(Kr) (GeV) M(Krninn,) - M{Knn) (GeV)
—ATT D> Kn

D" > K nnnr, 10121



Combinations per 4 MeV

500

excited charm mesons

Combinations per 4 MeV

0 *0 *
w0 P/ D% —> D'm * ZEUS (126 pb’)
400 - L Backgr. wrong charge
350
300
250 |- 5, F{»{
200 | [ 4[' \ m%
-.ll .
150 i Ty o, FHREREHS ) o
ol & N:D":;D,] 3110 + 340 L lLu*ful'llq; b
so [ N{D5"/D;") = 870 £ 170 X
I difficult to separate D% and D™,
%1 22 23 24 25 28 27 28 2
M(D ™) = AM™ + M(D"")pps (GEV)
700 | D*OZ - D TC — simultaneous fit =
|

ety |

-+ background fit

wide-state contributions

LT ¥
o
o HIJ.J["""L 3 W

200
100 N(D:D5%) = 890 + 160 U g
0
2.1 2.2 2.3 2.4 2.5 2.8 2.7 2.8 2,
+ 1
M(D'n_) = AMP 4 M{D*]PDG (GeV)

due to spin parity conservation D% can NOT
decay in this mode

excited charm strange mesons

. * e ZEUS (126 pb™)
— simultaneous fit
&0 ,-”. -=- background fit
[ 1
50 I N(DZ,) = 100 + 13
0 + D+ 1—) D™ lﬁ
20
_l_L
10
o bl /HT
25 2.52 2.54 2.06 2.58 2.6 262 264
M(D™KZ) = AM™ 4+ M(D") g + M(K”) o (GeV)
180 I
168 } N(DL,) = 136+ 27
140
100 *TH + qT H
a0
&l
i D, —> DK
22 J‘| |
2.36 2.38 2.4 242 2.44 2.46 2.48 2.5
M(D"K_) = AM®* + M(D")., (GeV)
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Excited charm and charm-strange mesons production

f(c—D,%)(%) f(c —D*,%)(%) f(c — D_,*)(%)
ZEUS | 3.520.4*04 3.80.7+05 1.11£0.16+0.08
OPAL  |2.1#0.7+0.3 5.242.241.3 1.6£0.4+0.3
ALEPH 0.94+0.22+0.07

-the HERA rates are in reasonable agreement with those measured
in others (e*e") experiments

]
[#]
=]

I ZELIS (126 pb')
300 - — background fit
---- it interpolatio !
MC signal nermalised
tou r i
050 upper lirmnit

»No radial excited D*’(2640)* observed

Combinations per 5 MeV

»Upper limit: N
f(c =D*"\B(D* —D**1r*11)<0.4% M
>OPAL result : <0.9% % ;
_ o l{
} 200 e 1] ||
» MC signal normalized to the upper limftT" > '_J* 14{ ﬂ o

M(Dmim) = AM® 4+ M(D™")ppg (GeV)
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Beauty Production at HERA

‘Beauty in Dijet PhP using electrons

*Beauty in Dijet PhP using muons

*Beauty in PhP using inclusive secondary vertexing
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Beauty in Dijet PhP using electrons

»HERA | data: 120pb-" ZEUS

>(;<2m1ergat\|/02range 5105 * ZEUS 120 b’ <L
* Q<1 Ge = N
e . 04 scale
* Dijet events with E;>7(6) GeV O e H’r
> likelihood analysis used to 10° L
separate b—e from c—e and uds 102
10
ZEUS i
10 1 10
2InT

; 1uﬂﬂ;---1-|.. BB | LB bk i E TYrr[ T[T 1
3 ‘ (@) { & q20f ZEUS 120pb by . . .
5 5 { & * bseX Differential cross sections as
s T 100F — Lo QcD 2 _
DICTRN N~ = £ Bof - PYTHIAX 1.75 J functions of p, (D*) and n(D*)
= By
g 1o0F _I—L -

. B %

L........J.......L.......J........J........J........J.........

1 2 3 4 5 6 7 8 -QI.S -1 05 0 035 1 1.5

p; (GeV) n°

NLO QCD predication describes the shape well
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»HERA |l data

» ZEUS: 124pb’, H1: 171pb-"
» Similar kinematic range

* Q2<1 GeV? o
* Dijet events with E;>7(6) GeV

10°

muons

» Simultaneous fit of the impact

T T T T .
""" * 7EUS 126ph" ]

~ bBucTLLFMC

2 3 4 5
|
parameter d and p,® P (GeV)
— allows to separate b from c, ligh
]
flavor background E H1 Preliminsy
Ly Fooor

® Hi data (prel)

P [GeV]

Entries

H1 Preliminary . w1 dawprei
sl HERA Il '-“' sum
10 - - —
- —_—
. = uds
10 Y —
“ [ =
wE | _
L L
-0.05% 1] 0.05

Impact Parameter & [cm]
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Beauty In Dijet PhP using muons

— l“-‘l'Bu.,l""l""l'"'I""I""I"i
ﬁ C O ZEUS 86-00 110pb " 3
u —  ag = -
8 5
2 20F
4 = 10 "6 "
=8 C
t 15'
o "
- C
.E 1D:' -
£ N ) R O S o S (b) 3
2 3 4 5 6 T 8 9 10 u—1..ﬁ -1 -0.5 0 0.5 1
Bt (GeV) e
;‘ [ . F S0r
2 | H1 Preliminary a H1 Preliminary
g | 4 op — ebBX — ajuX = aqob ¢ HHERAl R
n ='= [ #  Hi HERA 10507 pralim. 1
o LY [ e Pyihia ]
[ i [1] - = ! J
[ i H1 HERA | E == HLO GQCD « H=dl .
=‘n_'- A‘»...T*..*.m &  Hi HERA II0SO7 pralim. 'E ij- ’
T | Pyihia ] [ i i ]
E I B NLD GOD 5 Had ] - $ .
1) “E .
1 - - 1
== 5 ] 10 12 s~ —o5 i
p* [Gev] n,

- Compatible with previous measurements
- NLO calculations provide reasonable good description of data
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Beauty in PhP using inclusive secondary vertexing ius

> HERA |l data : 128pb-1
»Dijet events with p¢>7(6) GeV

»Decay length significance S=d/dd

ZEUS
T T ‘ T T T

»For large m,, dominated by beauty N
— with cuts on S and m,,, an almost pure o'k
beauty sample can be obtained
ZEUS ZEUS
IEEDD: : 'E :
- EIJIJ.

400F
300F

200} .
; 100f

100}

0 0-5""3

m,. {GeV)

€ 8 10 12 14
Multiplicity

Beauty-enriched m,,, and multiplicity distributions

m T | T T 3
g « ZEUS fprel.) 128 pb! 2<m.. <7.5GeV ]
- = Mhyx : s
UEJ'-' 04 - [ ] PYTHIA froeb) |
E PYTHIAM
It
f

% ] PYTHIA by

c)

Good agreement
between data and MC
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Beauty in PhP using inclusive secondary vertexing

ZEUS P .
%‘h T I T T T | T T T T l T l T ] ﬁ | a
2 * ZEUS (prel) 128 pb’ _| ~400F =
gllo E § %: B 1
e | e PYTHIA x 1.12 . o | i
E I - Trrrrn | .ﬂb . -
o 10 —— NLO QCD @ had 2300 =
o =2 3 i ‘
% c EERE o 3 ]
R (e ' 2001 |
g i = * ZEUS (prel.) 128 pb”
= B |
et § 100 l ------ PYTHIA x 1.12 —
107: E — ]
E i i —— NLO QCD ® had
oo b v v v b b b e b A B I—
10 15 20 25 30 35 G I L1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1 1 1 I 1 1 1 1 | 1 L
P (Gev) 15 -1 -05 0 0.5 11] .

Differential cross-sections in PJ°t and n’et

Good agreement between data and NLO QCD predications
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Beauty production presented in this talk

beauty production
HERA

; 3 L] L] ] I I L] L] L] I l L] L] ] L I ] L] L] I hl 1 L] ] L] I ] L] ] ] I
ﬁ 10 : do/dp (ep—ebX)
5 [ = - Q<1 GE"JE, 0.2<y<0.8, |1'|b|': 2
2., e —— NLOQCD (FMNR)
u? = 1/4 (m* + p2)

o ¢ H199-00bjet 2 2_ 2 2
a A H199.00 by jet Tokgt wo=mopr
B 10 ® ZEUS 96-00 by jet
.- % ZEUS 05 b—u jet

¥ H1 (prel) 06/07 b— jet

O ZEUS 96-97 b—e

A ZEUS 120 pb" b—e

0 H197-00 b—D*

W ZEUS 96-00 b—D*u

# ZEUS 114 pb” bb—uu

* ZEUS (prel) 128 pb™' b jet

1 ] (| L I 1 1 ] L I 1 1 1 L I 1 1 1 L I 1 1 1 ] I 1 1 (| (|
0 5 10 15 20 25 30

<py> (GeV)
Cross sections for b production extrapolated using NLO calculations

»The results are consistent with previous measurements

»General good agreement with NLO QCD predictions
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>Inclusive Kq,A,K*(892) and ¢ productions have been
studied

» Three clear enhancements, f,(1270)/a,(1320) , f,(1525) and f,(1710),
clearly observed in inclusive KK mass spectrum

»The masses and widths are compatible with PDG values

»D* production studied in photoproduction regime
»EXxcited charm and charm-strangeness mesons were
observed in ep collision

» The fragmentation rates are compatible with those
measured in other experiments

»No radial excited D*’(2460) meson was observed

»Beauty production measured using different experimental
techniques
»Good description achieved with NLO calculations in all

measurements
20/21



Many thanks for your attention!
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Ks Production

& K » Hadronization of s from
y the proton sea
p v Y*s—s (QPM) or y*s—sg

process

> rate of the boson-gluon
fusion (BGF) y*s—ssbar

» hadronization process
alone contributes to the
strangeness production

>Allows the investigation of strong interactions in the perturbative

and non-perturbative process
» strange hadron production is not know to be well described by MC

models
» ssbar production parameterized by the strangeness suppression

factor 4/21
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D* in photoproduction

=

o
n

D* in Photoproduction

D in Photoproduction

b* in Photoproduction

= H1 Preliminary = ™1 H1 Preliminary
g 30~ HERAI 1.8<p(D%) < 2.5 GeV % al HERA Il 25<p(D°) < 4.5 GeV
3 & of
20
5 5,
[} L o
= B
[=] o [=]
= 10 B

2 H1 Preliminary
& 04| HERATI 45 < p(D) <125 GeV 4 H1 data (prel.)
.; =« FFN5 (CTEQSF3)
=L E]S 13 em <17 GaV
i..- 0.5 = M, .'\":Imi-a-plg =2
E 0.2 == GMVFNS (CTEGQE.5)

0.1

Double-differential cross sections

Good agreement between data and NLO predictions

Except for high pt, high n region
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1o (1710) summary f> (1525) summary

o ¢ p ZEUS — —— ot ¢ p ZEUS it} —
—-— T¢” BES Collab. - Central p p Production
— e’e” other Collab. —— - ¢¢” experiments -
e P p. T p cxperiments —— - K-meson experiments ot
— PDG 2007 — PDG 2007
1700 1750 50 10Q 150 1510 1520 1530 el 30 100
mass (Me'¥) width (MeV) mass (Me'V) width (MeV)



Inclusive KKg resonance

> Motivations

* the Standard Model allows for the existence of color singlet glueball

» the KsKs system is expected to couple to scalar and tensor glueball

» Lattice QCD predicates that the lightest glueball has JF¢=0**and lies in the
mass region 1550 -1750 MeV

120000 ZEUS
»>HERA | + HERA Il data: ~500pb™" £ L S
* dominated by photoproduction 90%, - ) |
while 10% by DIS 60000 I :

- clear KS signal ~1260000 - I
* signal region: 481 <M(11*11)<515 MeV =T ! **. |
0_ — f‘.'j ‘x——

M(r'r) (GeV)



Inclusive KgKg resonance

Cgmbinations/15 MeV

8OO0

4000

»No. of fitted f,(1710)
4058+820 ~50 significance

and a,(1320)

f,(1500) is well reproduced

»The dip between f,(1270)/a,(1320) and

» peak around 1.3 GeV suppressed due to
destructive interference between f,(1270)

4

usS

t,(1270)/a3(1320) \

1,(1525)

e

f(1710)

"

™

® ZEUSO0.5fh’
4 B-W + Background
—— signal
backgrournd

e,
"-...__l“”
-"-....._.“_

(b}

1.1

1.5

1.9

2.3 2.7
M(KSKD) (GeV)
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Charm Production at HERA

e’ (k) e" (k')

main process:

e direct y
C
> e« Dboson gluon fusion :
key points:
* 0.8 <x, o<1 :
T * mg (or E¢J¢...) >> Aqcp
g (XgP) = region of applicability of pQCD

* collinear vs. k. parton dynamics

other processes:

* resolved y processes

0 <xy°bs <0.8

* photoproduction (PHP) regime < scattered electron is undetected < Q>< 1 GeV?



rleavy quark procduction at rl=2RE

Dominant process: boson-gluon fusion

] Kinematic Variables:

Q2= -g2=(k-k’)2 Neg. squared momentum transfer
(virtuality of exchanged boson)

s =(k+p)*=<4E,E,  CM Energy, at HERA \s = 318 GeV

X = QZIZpoq Bjorken scaling variable: momentum fraction of
parton interacting with lepton in infinite momentum frame (QPM)

Y = p°q/p-k Inelasticity: lepton momentum fraction
transferred to boson in proton rest frame

U Kinematic Regimes:
- Deep Inelastic Scattering (DIS): Q%> 1 GeV/?
- Photoproduction (PHP): Q?<1GeV? (Q?~1073, quasi-real y)

Why study heavy quark
production at HERA?:

% Test of perturbative QCD due to the hard scale given by the heavy

quark mass.
< Study of multi-scale problem: often mass scales compete with other

hard scales (p;,Q%...) , additional theoretical uncertainties enter.
“ Better understanding of structure of the proton



dEidx (Mips)

: EnF «  ZEUS (prel) 120 pb
! oo 5
: [ -cnéex]m.?s
= E F E
= w' = -—-—-_._I_|_|_'__ ic—eX)x1.28
- Semileptonic decay: . ' ? Bikg.

o 06 1 16 T 25 3 a6 4 4 a5 1 1B 3 35 3

, it
ep—e’bX—e’jj+eX pE (GaV) A ¢ (rad)

- b-fraction extracted from likelihood fit using J
variables sensitive to e-identification and

semileptonic decays

Likelihood £L;; = «ai(pr.n) - PIE/dX) -
P(EecaL /Ewot) - PE® /puk) -
aj(pr.n) - P(L(Be.prk)) - PP




« Beauty with electron

ZEUS

5“‘ E T T T
o L ZEUS 120pt! {b)

ﬁ o 100F ® b—eX

o g t = NLOQCD

- =

_--' - F === PYTHIAx1.75

5, o

it 3

En
n a2 a1 2 2 2 .1 . L
-1 0 1 2

— ~ 400

= ' ' ' J 'E_ ZEUS 120 pb

é I:C:l - T coaX

- g 300f — noaco

a2 I3 PYTHIA % 1.28
b “u
ay & 200 1

e

""-“ +

8 100 - - =

WIS PR PR T P P 3| PR EPEPEFIV B ..
10 15 20 25 30 =1 0 1 2

Ej:“{GeV} et



Tagging semileptonic beauty decays

p_‘_r'el |
rel -
jet 1) pT . pyof
M - D with respect to
- jet axis

secondary
vertex

2) impact parameter
';,_?{;;LT},,_,EM of 11 (or h) with respect
to primary vertex
(H1: all, ZEUS: HERA Il only)

3) D*!! and pup
correlations



Tagging Seauty with p+jets (1)

- Semileptonic decay: A .
ep—e’bX—pjjX o
- Separate bfromcand ¥ 5., T
uds: T
e Large bmass - large muon ™"\ N, 8<0
PTrel kY e

e Large b lifetime - large muon
Impact param. o

— Simultaneous 2-dim P+ and & fit

(enhanced statistics
and reduced syst.errors)




do/dn,, [pb]

H1 Preliminary

& H1 HER#A |

l-
- ® Hi HERA II0S07F pralim.

A Pyihia
I-_ B HLD QCD « H=d

H1 Preliminary

ap — abBX — ajjuiX

¥ & H1HERA&I
& H1 HERA Il 05107 pralim. -
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Inclusive secondary vertexing
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Fit mirrored and subtracted decay length significance (S*-S-)
in bins of the secondary vertex mass
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