Heavy quark production and spectroscopy at

HERA

Markus Jiingst

34™ |nternational Conference on High Energy Physics,
Philadelphia PA
29™ July - 5™ August 2008

@ Introduction

@ Heavy quark
) production

@ Spectroscopy

M. Jingst Heavy quark production and spectroscopy



@ 275GeVet

920GeV p — s = 318 GeV

@ HERAI: 1992-2000
@ HERAII: 2003-2007

— ~ 0.5fb~* per experiment

Integrated Luminosity (pb'i)

600

500

400

300

200

100

HERA delivered

2005 Golooration

Jiingst

Heavy quark production and spectrosc

L I L
1000 1200 1400
days of running

T L L
200 400 600 800

2/17



Heavy flavour production as a good probe of different production
and decay mechanisms:

@ Open production (PQCD)
@ Resonance production (NRQCD) 1

@ Searches for exotic bound states [ I nf

Ouds - O¢c :0p ~2000:200: 1

Kinematical regions:
Photoproduction (yp) — Q2
Electroproduction (DIS) — Q2

1GeV?
1GeV?

VAR
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Heavy flavour tagging

Different experimental techniques used
(combined) for heavy flavour tagging:

@ Meson identification
D** tagging ("Golden Decay”)

@ Decay spectra
p' of lepton to jet axis

@ Lifetime information
Measure impact parameter with
respect to primary vertex
(beamspot)
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Beauty in dijet photoproduction using electrons ZEUS

%\ 10‘1. T T T T T T 7
HERAI data: g
[}
1996-2000 (£ ~ 120 pb™1) o
K
Kinematic region: g 10
Q% <1GeV?,02<y<08,
E > 7(6)GeV, | < 2.5
p$ >0.9GeV, -15<n® <15
Method:
p’Te’ and A¢(p.e) combined with particle ID :5_ 120k ZE'US 1'20 pb'.| T 1
= ® boeX
- B 100F —nNLOQcD E
@ PYTHIA prediction scaled by 8 sof ----PYTHIAX1.75 3

a factor of 1.75

@ NLO QCD prediction (FMNR)
describes data

@ Measured points at upper
edge of NLO prediction
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H1 + ZEUS

HERA

S [T
a3 8 do/dp3(ep—ebX) 3
s F E Q%<1GeV?, 0.2<y<0.8, <2 7
=~ Ll s NLO QCD (FMNR) i

1 2=1/4 (m? + p2 E
aF Ho = 1/4 (m” + p3) 3
-5‘ H199-00 b jet i — k;fact. (LZ J2003 set 1)
5 H199-00 by jet N

ZEUS 96-00 by jet
ZEUS (prel) 05 b—p jet
H1 (prel) 06/07 b— jet
ZEUS 96-97 b—e
ZEUS 120 pb™ boe
H1 97-00 b—»>D*n
ZEUS 96-00 b—>D*u
ZEYS 1A pb oo
5 10 15 20 25 30
<pb> (GeV)

F*BOFO0O>> 0 4

=)
o

Several measurements with different methods and systematics
confirming each other and covering different p?-ranges:
General good agreement observed!
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J/WV production

Charmonium production:
@ heavy quark pair (c¢) produced at short distances
@ formation of W bound state in

@ colour singlet (CS)
@ colour octet (CO)

s

Iy

in non-relativistic QCD model (NRQCD) s

both CS and CO exists

—transition to real J/W by non-perturbative

long distance matrix elements (LDME) )
(6(0] v

Sensitivity to production mechanism:

. . . - Ejw
different regions of inelasticity z ~ &

@ CSin medium z— region
@ CO (and diffraction) populate high z—values
@ "resolved” processes lead to lower z—values
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Inelastic J/W production

HERAII data:
electroproduction (DIS)
2004-2006 (L ~ 258 pb™)

Kinematic region:
3.6 < Q% < 100 GeV?,

50 < W, < 225GeV,
0.3<z<0.9, pz*,\u > 1GeV

JIV — utu

500

J/V - ete”

250

© Hidata'04-06 © H1data'04-06

4001 inel. J/¥ — up ] 200, inel. JA¥ — ee |
N =586+35 _% N =315+ 40
36<Q% <100 GeV*] N 3.6 <Q” <100 Gev?]

300 03<2<0. 150 03<2<09
50 < W,, <225 GeV. 50 <W,,, <225 GeV'

200 | 100

E 50F H1

preliminary

100f H1

preliminary

2> 3 4 5 6 % "3 4 5
M, [GeV] M, [GeV]
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photoproduction (yp)
2006-2007 (£ ~ 166 pb™)

Q% ~0GeV?,
60 < W,, < 240 GeV,
03<z<0.9, p;‘w > 1GeV

JIV - u"u
0 ‘ ‘
g
L H1
% 600 preliminary
2006-2007 data
400 inel. JW - pp

N=2410%55
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Inelastic J/W photoproduction

Cross-sections measured as a function of Q?, z, W,,, p2
Double differential cross-sections in z, pr and pZ, z

CASCADE:
data well reproduced < F-. 1 ]
o
EPJPSI MC: g preliminary
= E
too steep x E
a 401 _
. 10 E 3
::S LtO. E E ® Hidata’06-07 3
00 stee . * H1(HERA) ]
£ 2107 CSMNLO E
CS NLO: TF 5 -~ CSMLO ]
: 103 & —— CASCADE (x1.05) -
data well described s Eoo EPJPSI (x1.25)
(large normalisation ] 10"‘1 1‘0 : 107
uncertainties) ) P2, [GeV?]

— No direct indication for contribution of colour octet

tingst Heavy quark production and spectroscopy



J/¢ helicity in photoproduction ZEUS

<15 T T T T T T T
HERAI+II data: A Tweer ]
— A Baranov CS (JB]
1996-2007 (£ ~ 470 pb™Y) Baranon 08 (40RY)

Helicity measurement:
Lo 14 1(z)cos?©

Ed(z:os@dz ) )
1 d?c Az v(z 2
=== o l+ ==+ cos
o dgdz 3 3 ¢ T o ZEUS (prel) 96-07 (470 pb™)
Theory predictions: P T
01 02 03 04 05 06 07 08 09
CS at LO, CS+CO at LO, (BKV) 4
CS in the k; framework (Baranov) 215

T T T T T
] BKV (LO, CS+CO)
4 -~ BKV (LO, CS)
A Baranov CS (JB)
Baranov CS (dGRV)

@ 1. good agreement with predictions;
not possml_e to distinguish 0 S
between different models

0.5
@ v: wide variation between different
model predictions; T e zEUs (pret) 96-07 (470 pb™)
still large uncertainties (— NLO) Ry — s ‘

L L L L
01 02 03 04 0506 07 08 08 7
z
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Excited charm and charm-strange mesons

HERAI data:
1995-2000 (£ ~ 127 pb™?)
Decay channels:

D;(2420)° — D**n*

D;(2460)° — D**n*
— D*n*

Ds1(2536)° — D*TK?
- D"OKS+

(D (2640)*D**7*71%)?:

No production observed!

flc = D**) - Bpoi petpin < 0.4%

(at 95% C.L.)

OPAL result: < 0.9%

M. Jiingst
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Excited

2 500 T T T T 2 s0f T T T T T
450 [~ 1 T . B
=™ | * ZEUS (126 pb”) D1(2420)0 - D*aF 2 ,E ZEUS (126 pb)
T 400 W "L Backgr. wrong charge S I — simultaneous fit + ¥+ 1.0
8 a0 iy  Bwf 0 -~ background fit D51(2536) — D""Kg
£ anf- D;(2460)° - D**nf 2 sof Il N(DZ,) = 100+ 13
§ 20r | Fawf | \
£l i gF & G H
r 059 -
Sk | N(D./Dj.,sno +340 i S = H/‘;# +i Lﬁ,}lHﬁ T f
sl N(D/D;") = 870 + 170 10E ﬁ
! ! I I I I I bt I I 1
%122 23 24 25 26 27 28 29 T T T T TR T T
M(D"*,) = AM™ 4 M(D"*) o (GeV) M(D™KY) = AM™* 4 M(D™) 56 + M(K') o (GeV)
200 T T T T T T T E 180 £7 T T T T T T T
— simultaneous fit 160 { N(DZ) = 136 £ 27
600 -~ background fit E|

500 [t ‘wide-state contributions
D;(2460)° — D*1% s D51(2536)+ - DOk

. /*/ w%ﬁ%ﬂwﬁ

40 7’ 4
20 E

L L L L L L L L
21 22 23 24 25 26 27 28 29 236 238 24 242 244 246 248 25
M(D*T,) = AM®™ 4 M(D")pp (GEV) M(D’K,) = AM® + M(D)p, (GeV)

Selected results:
[(D?) = 53.2 + 7.2(stat.) "33 (syst.) MeV World av.: 20.4 + 1.7 MeV
h(D?) = 5.972%(stat.) *24 (syst.) HQET: h = 3 (D-wave)
h(D{;) = —0.7422(stat.)* 2% (syst.) h = 0 (S-wave)
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D*p resonance

. -1y.
HERAI data: (L=75pb™):
> 40 T
Q
= H1 i ZEUS
e b boaps > S e R mansan
g %0 * s PP 2 40 [ (8 o ZEUS 1995-2000, D* — (Kmjm,
— i I + bg. fif E
3 - ng.":nlyl:i? ' o 35 F Q%> 1 GeV?, H1 selection criteria
£ 5 30 wrong charge (Km)r,
< E *t
w % o5 DD MC
2
S
©
g
£
£
o
o

3 3.2 3.4 3.€
M(D*p) [ GeV 1

Narrow resonance observed at:

M(D*p) = 3099 + 3(stat.) + 5(syst.) MeV
— anti-charm baryon with

minimum quark content uuddc E ‘ L ‘
N(D*p) ~1% %9 3 81 82 33 54 35 36
N(D*) M(D’p) = AM® + M(D**)pp (GeV)

No evidence in other experiments:
BaBar, CDF, ZEUS, ALEPH, FOCUS
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D*p resonance

HERAII data:
2004-2007 (£ ~ 348 pb™1)

H1 Preliminary  HERA Il data

high proton momentum

« D piD"F
[ wrong charge D
[ p* Monte Carlo

Kinematic region:
2 < Q% < 100 GeV?
0.05<y<0.7

Entries per 10 MeV

Visible range:
pr(D*) > 1.5GeV

-15<p(D*) <1 ' MD*p) [ GeV ]
> 2GeV 20 .
p(P) E 18- H1Preliminary  HERAIdata E
Result: 2 b ot o
g 1 E AT S
@ no excess in HERAII data; £ 2 B0 Mante arlo 3
imit of N(D*P) 0 g "
upper limit of NG 0.1% 8
(95 % C.L.) ¢
@ signal still there in HERAI data 2 R
(with reduced phase space) 8975 R a2 s e as e

M(D*p) [ GeV ]
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@ Beauty production in photoproduction from different channels
consistent with NLO prediction

@ New measurement of inelastic J/W production in yp
Colour-Singlet model provides good description of data

@ J/V helicity measurement compared with different
theoretical predictions

@ Significant production of excited charm and charm-strange
mesons observed
-Detailed studies of m(D), (D), h(D) and B(D)

@ No signal observed in the most recent D*p resonance search
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Backup -Beauty in dijet photoproduction using electrons

HERAI data: ZEUS
1996-2000 (£ ~ 120pb~?) - .

) ) . 51055' « ZEUS 120 pb’ < 3
Kinematic region: = 1041 1

E PYTHIA (scaled) 3

Q? <1GeV?, 0.2 <vy<0.8, 10:;;..“” _
E®® > 7(6)GeV, f*®| < 2.5 P looex
pS>09GeV, -15<n° <15 1 L%
Method: oF
Combine discriminating input 10" 1 10

variables in a likelihood function

to a hypothesis test

_ LBoex
Tgoex = > L N 5
i ) miss Jet
Ag: b,c < LF separation P Ay
piet: b « ¢ separation /‘?,:*

jet
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Arbitrary Units

Arbitrary Units

Arbitrary Units

, e e 2

F 3 E:
(b) 5

10 F 15

L R

w0k 1

gl AT i I
05 0.6 0.7 08 09 1 05 1 15 25 3

Eeuc/Eca A (rad)

o 0.2 04 06 08 1 12
Ecu,

14

track




Backup - Inelastic J/V production

Monte Carlo:

CSM LO (DGLAP): EPJPSI

CSM LO (kt-factorization): CASCADE
v2.0/v1.2 (yp/DIS)

CSM NLO Kramer et al.

-Q? (k)

Kig)gmatic vg\riables: J/P(py)

=-q
s =(P+k)?
W2, = (P + q)? Y ——
7z = PuP

é:LP

= ¢ (in p rest frame)
24

M. Jingst Heavy quark production and spectroscopy



DIS

do/dz [pb]

do/dP;? [pb/GeV?]

preliminary

0.4

0.6

® 03 <z<08 (i)

B

do(yp - Jly X)idz [nb]
- 3

3

[nb/GeV?]

2
™

dofyp - Jy X)/dP
3

= B
E® a3
"
L ]
Iy
L e ——>— v 1
© 1P <2GeV08)
L m 2P <3GeV () ]
A 5<P,<45GeV (2]
1 v P> isGev
2 preliminary — CASGADE (105
04 0.6 0.8

1k @ 03<2.<045 (xi0')
B 04522 <05 (2"10)
E 4 06<2<075 (0]
G E Vormezco9

E— CASGADE (x1.05)

1

H1
preliminary

10
PZ, [GeV?]

Yp




up - Inelastic

Y productio

En T )
& F T T T T L 7
> o ® H1 data '04-'06 K 10 -
S 10t —— CASCADE (x0.5)_ 3 ’ preliminary i
5 Ed - EPJPSI (x1.4) £
S ok
B 4L % 10"
& 1r = = H1 data '06-07
B E ’ + H1(HERA)
'g £ 2‘ 102 CSMNLO
1L H1 -T, F -osmio
-1 N _ | —— CASCADE (x1.05)
10 E ’ ® o 10 E - EPJPSI (x1.25)
C L L L L ~
8 10* L
0 20 40 60 80 100 P 10 0

2 2:
DIS Pr [GeV] Pz, [GeV?) yp

= ‘ ‘ g 60f ]
% 15 * H1data'04-06 ] S [ H 1
(S — CASCADE (x0.5) X [ preliminary i
"é - EPJPSI (x1.4) 3w
e 1 1 @
= | £
k4 [ ©
[} L - H1 data '06-'07 A
° 05 20 b 1:‘EERAI)
L CSM NL(
[ preliminary r —— CASCADE (x1.05)
L ) ) ) L - EPJPSI (x1.25) R
50 100 150 200 o 100 150 200

W,, [GeV] W, , [GeV]




Backup - Inelastic J/V production

<2
o

g 4o 1 b g H1 g‘ H1 g H1
¥ § | preiminay E [ ooty 8 [ preiminay
2 i i 2 sf 2 ef 5F i
I E = = =
el i s 1 .S s
s 1 s 10 s A s
i E i i i
s 1epy <2y 2 2p, <3000 g 3<p,,<asGev g Py, 45Gev
LR 8 oof d 1 8 of 1 Bosf E|
10 « 1 07 « 1 0507 « 1 daa 0807 « 1 07
(CASCADE (x1.05 — caSCADE i1.09) — CASCADE (x.09) CASCADE (x1.05
o 3 3 o4 3 o8 o7 3 o8 o7 3 o8
2 z 2 z
< kY < <
3 H1 3 H1 3 b Ht 3 - Ht
g . prtminary [ prtminary é prominary 8 1 prtminary
L F0 1 Lol 1 L0k 1 ey 1
g g % g
210tk osercoss 210tk osscrcos Zi0tf  oscreon 210tk omercon
Z e msaoeor Z b maoeor 2 E . e 2 E . e
T10°F  crscane (1) T10°F  cascane (1) T10°E _ cascroe rion T10°E _ Cascaoe 105
Eropsi (1251 cPupsi 129) cPupsi 1.25) epapsI (1.25)
Sk 4 S 4 Sk 4 fok 3
1 10 10t 1 10 10t 1 10 10
P}, [GeV’] P}, [0eV']
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P}, [GeV]
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Backup J/y helicity in photoproduction

Helicity Parametrisation:
Lo o1 4 A(y) cos? © + u(y) sin 20 cos ¢ + 2v(z) sin?© cos ?¢

dQdy

(M. Beneke, M.Kramer and v. Vanttinen, Phys. Rev. D57, 4258 (1998))

kifactorization:

Two different parametrisations of unintegrated gluon distributions:
@ JB: solution to the leading-order BFKL equation obtained in the

double-logarithm approach

@ dGRV: derived from the collinear gluon density by differentiating

it with respect to 2 and setting u® = k?

<157 T T T T T T
® ZEUS (prel.) 96-07 (470 pb™")

] BKV(LO, CS+CO)

-~ BKV (LO, CS)

1 4 BaranovCS (JB)
Baranov CS (dGRV)

8 9 10
P (GeV)

BKV (LO, CS+CO)

BKV (LO, CS)
Baranov CS (JB)
Baranov CS (dGRV)
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Excited charm and charm-strange mesons

> 350 LI B A A
Search for radially excited 2 L. zeuseses) \ \
charm mesons: & so0 - wekgounett WMHMH
D' (2640)* — D**n*n* B, | O Mm il H
£ 250 - B!
&
s J
Results: 200 - Hm 1
No significant production observed! ol s i
upper limit: , 250
f(C - D*,A) . BD“'*HD‘*K*K’ < 0.4% 100 - zzsf N
(at 95% C.L.) | 200 | } [l
50 *
175 | E
OPAL result: < 0.9% ‘ ‘z.se‘ T “‘ 269 |
0 ‘ ‘ ‘

24 26 28
M(D"mym) = AM™ + M(D™)5p6 (GeV)
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Backup - Excited charm and charm-strange mesons

Monte Carlo:
PYTHIA 6.156
RAPGAP 2.0818 with HERACLES 4.61
Struct. functions:: CTEQ5L, GRV LO
Masses: m, = 1.5GeV, m, = 4.75GeV
Helicity:

dN_ o 1 + hcos? a

dcosa

Ratio measurements:
D0 D+ a—

BDZOT = 2.8 + 0.8(stat.) "o (syst.)
> -, ks

Bp+ L pwo

BD“—DW = 2.3+0.6(stat.) +0.3(syst.)
D;rl—>D*+KO

M. Jiingst

S
a0 ® ZEUS (126 pb™)

N
3

0.75<[cos al<1
1

— simultaneous fit
-+ background fit

22 24 2.6 28 22 24 26

M(D*1,) = AM™ + M(D™),p (GeV)
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Kinematic Cuts:

No particle identification by
dE/dx requirements

g

8
8

er 0.5 MeV

[Jwrong charge D

Entries p
8
S

E., > 10GeV

HERA Il data

¢ Krtng

N(D*) = 15576 + 194

Ll |
0.155 0.6 0.165 0.17

2 < Q2 < 100GeV?

AMp, [ GeV ]

(Xsp+2.025cm)? +y3, > (12.cm)?
0.05<y<0.7

Entries per 10 MeV

HERA Il data

* D'+ D"

) 1
2.5 26 27 2.8
M(D*r) [ GeV ]




