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Introduction — Heavy Quarkonium

Privileged window into the QCD world.

Multi-scale systems probing all energy regimes of QCD
Renewed interest, puzzles, challenges, discovery of new states.

Many running experiments cross checking each other

(e*e- machines, ep machines, ppbar machines) and challenging theory.
Getting information from photon-photon fusion, photon-gluon
fusion, gluon-gluon fusion, etc.). Answers and more challenges are
around the corner.

Various theoretical approaches have matured and can cross check

each other.
Vaia Papadimitriou (Fermilab) March 3, 2004



Tevatron Performance
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Tevatron (Run II 2002-Present, [L dt = ~430 pb™ ):
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Tevatron Performance

Integrated Luminosity since 11/23/03
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Prompt / Direct J/y Cross Section - CDF

March 3, 2004
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Direct y(2S) Cross Section - CDF

e Y(2S) — uu, Run IA data, 18 pb™!
e “Central muons” (|n| < 0.6)
e Lifetime information used to extract
prompt component
e Prompt = direct for y(2S)
e Colour singlet fusion: o ’/p.°
e (S fragmentation (Braaten, Yuan, PRL
71(1993) 1673): o >/p.*
g* > 2g+cc(S,") > w(28)
e NRQCD expansion
do(H)=3X do[cc(n)KO" (n))
¢ nincludes colour singlet and octet states
¢ Expansion in a and v (relative velocity of

quark and anti-quark)
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e Colour octet fragmentation (Braaten,

Fleming, PRL 74(1995) 3327): o >v¥/p..*
g*— cc(’S") > w(2S)

Fragmentation dominates at high p.,
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Direct J/y Cross Section - CDF

e Large uncertainties in the extracted
matrix elements

¢ low p,: effects of gluon k,

¢ parton density functions

—rrrrrrr-ocr-o o r s
BRI/y—pWL) do(pp—>J/y+X)/dp.. (nb/GeV)
Inl<0.6 1

total 3
--------- colour-octet 150 + 3PJ .
------- colour-octet 351
------ LO colour-singlet
--------- colour-singlet frag.
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Beneke, Kriamer, PRD 55(1997) 5269
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LO colour singlet:
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LEP2 - DELPHI

e Photoproduction (yy — J/yX)at LEP  617pb™ PLB365(2003)76
Comparison of theory with data clearly favors NRQCD over CSM.

Theory uncertainties mainly from CO ME and renormalization/factorization scales.
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J/y Cross Section — Run II (CDF)

CDF Run Il Preliminary
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Central-Forward J/w Production (CDF/D0)

10 |

I I
10°
D0 2.5 <n| < 3.7 3
§ X DO data 2.5<q]<3.7 %‘*
& * c)
E 10° ¥ ¢ CDF data 2.1<[n[<2.8 g
2 <
-:.5 X g 1
g : g
L) r* 7
E107e — — -.3
;:P *_ 4 &M
2 10
L &
1074 - ¥ 5 -
CDF 2.1 <|n| <2.6 ;
[ | | | | | | | | | | | |
0 10 ( 30

3
Py (GeV/c)

CDF: PRD 66(2002)092001
DO: PRL 82(1999)35

f p~5GeV

T

A D@ (Phys. Lett. B370, 239(1996)) E

® This mcasurcment CDF

O CDF {Phys. Rev. Lett. 79, 572(1997))

— Prompt (color octet+color singlet) + b

0..

0.5 1 1.5 2 2.5 3 35 4

™

p~8GeV

Reasonable agreement between central and forward measurements
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CDF Run II: low p; muon coverage (|n|<l.5)
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J/y Cross Section - Run 11

Jhy Cross Section per 1.2 unit of rapidity |
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Y Cross Section at CDF  prr 88 (2002)161802

Run I:
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» smaller discrepancy with CSM but
similar to ¢c result

» NRQCD CS+CO terms able to fit
data with p; > 8 GeV/c
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v, Feed-down to Y(1S) at CDF

Run I: \
PRL 84 (2000) 2094 > Ap(1P, 2P) = Y(1S)y
; ' | > pr(Y)>8 GeVic
2 " S
E 1 . - MWW » v backgrounds: ©t°, 1, K decays
g o U,
- | Tl || ey
°f \ | H * Direct Y(1S): (50.9 + 8.2 + 9.0)%
5 H From 7 ,,(17): (27.1 £6.9 +4.4)%
- 1
0 A From ;,(2P) : (10.5 £ 4.4 % 1.4)%

From 1(25) ¢ (10.7°7])%

AM GeV/c’

From 1(35): (0.8 )%

Input in theoretical calculations of
Bottomonium cross sections
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J/w Polarization

e All CDF Run I data, [L dt = 110 pb™!
e p.>4GeV, |y|<0.6
e Small acceptance at large |cos 0|

° 2 fit using templates for longitudinal and transverse polarization
X g p g p

CDF Preliminary
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J/w Polarization

Braaten, Kniehl, Lee
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V(2S) Polarization

e Same procedure, limited statistics | = =2¢ T Braaich el o
1'? g - m— Beneke et @I.E
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Run I:

Y Polarization at CDF  |pry 83 2002)161802
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E866/Nusea, Vs=38.8 GeV
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E866/Nusea, Y polarization

cosO distributions for p; > 1.8 GeV/c s 15— e
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NRQCD: a=0.28 to 0.31, avg over pr, Xg
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o inclusive Y(2S) + Y(3S):

o inclusive Y(1S):

No explicit NRQCD prediction
Large observed transverse polarization, in contrast with charmonium
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Run IT — (CDF/DO0 on y.)

CDF Run II
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Tevatron/Fixed Target Summary

e Tevatron:

¢ Direct J/y and y(2S) production (CDF) is in excess of CSM predictions by a factor of ~50

¢ J/y cross section in the (2.5 < | nV | < 3.7) range (DO0) consistent with CDF data for central J/y
production

¢ New cross sections, at low p; available. Need more theory calculations

¢ J/yand y(2S) polarization measurements (CDF) appear not to support the COM prediction (more
statistics needed)

¢ oy /oy, = 0.96+0.27(stat) + 0.11(sys) (CDF); NRQCD prediction:

¢ Same shape for do/dp| vs py for 3 Y(n) states. Fits of CS and CO matrix elements describe the Y(n)
cross sections (CDF)

¢ Y(IS) polarization: ',/ I"'=0.39 £ 0.11 (oo =—-0.12 £ 0.22) (CDF) consistent with COM calculations
¢  Results on production of Y(1S) from y, decays

Y(1S) direct production: [50.9 + 8.2(stat) + 9.0(sys)| % (CDF)
¢  Diffractive to total production rate for |n|<1 is[1.45 + 0.25]% (CDF)

Vaia Papadimitriou (Fermilab) March 3, 2004



Tevatron/Fixed Target Summary

e Fixed Target energies:

¢ Y(1IS): significant positive transverse production polarization for
either p; > 1.8 GeV/c or x> 0.35 (E866)

¢  Y(2S+3S) (unresolved): large transverse production polarization at
all measured p; and xg (E860)

Vaia Papadimitriou (Fermilab) March 3, 2004



Quarkonia at HERA

HERA (“Run I” ended in September 2000, IL dt > 100 pb):
¢ e (27.5GeV) - «p (820/920 GeV) at V% = 300/320 GeV

e DIS
o ¢ 1<Q*<100GeV?
A B ) e Tagged/untagged photoproduction
) " - ¢ Scattered e not seen in main detector
| (X)\ ¢ Median Q> = 10 GeV?
V e Decaysintoe'e and u'p
p(py) = 7 .
! t e C(Central tracking (jn| < 1.8)
0% = ¢’ ¢ 30<W<I80GeV
W?2-= (pp + q)2 ~ Q2 ! x HERA “Run II”’ under way;
Qz ‘R~ XS Delivered ~ [L dt =22 pblso far. Achieved up to 0.8 pb-'/day.

Vaia Papadimitriou (Fermilab) L dt ~ 100 pb! expected by the Sept. 2004); e* polarized beams.



Jhy at HERA

% 6000
P.P E, :
Z = — —— in p rest frame
Pp .})?/ EQ/ 4000
e Order of magnitude comparable 00
¢ “Elastic” z=1 (M= mp) P
¢ active dissociation z=1 (o < 1/MX2) o
* z<l1
o 300
e At small z contributions from 2 550
¢ Resolved photon =Lt
) 150
¢ B production
100
e Background increases with decreasing z 50
0

¢ H1 Data .
— Fit 200

100

%4 36 38 4 42
M_ [GeV]

ee,jij

High Q*/p, will greatly benefit from increase in luminosity
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J/w Photoproduction: CSM
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H1: EJ C25 (2002) 25
Zeus: EJ C27 (2002) 173
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Colour Singlet Model: NLO
calculation of direct photon gluon
fusion process (M.Kramer)

LO: too steep
NLO: good agreement



J/w Photoproduction: NRQCD

small z medium z
N; g | | | | | | | | | g N; :: | | | | | 2
o 0.05 <z < 0.45 1 10 s ¢ ]
O % e 1010 % CS+CO LO
= \ S |e CS LO :
'§1§_\§§ 12 1L CSM NLO
~z b N . 3 1= F ZEUS (scaled):
) 1o 4g'L 03<2z<09
— 10 = ~ E H ~ E E
© = 1 © B - 5
© B * 1 © 2 . ..!‘W -
[ ) | 10 ¢ T E
-2 E S
10 & . = af Sl e
E o o P = 10 T T TR T T
0 10 20 30 240 0 20 402 260
P2 [GeV’] p,2 [GeV]
e p,spectra similar at low and medium z HI: EJ C25 (2002) 25

Zeus: EJ C27 (2002) 173
e NRQCD (including CS and CO): softer than data

¢ Contributions from B decays in data?
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J/w Photoproduction: inelasticity

EJ C25 (2002) 25
EJ C27(2003) 173

CO long-distance ME taken

from fit to CDF data

3 I E A -1
£ ® ZEUS (38 pb™') £ | 4 ZEUS@E8pb)
N O H1 (80 pb'1) (scaled) N s | & H1 (80 pb ') (scaled)
:i: 10 2} O H1 (80 pb™") high W >y KZSZ (NLO, CS)
= = 0.117 < a(M,) < 0.121
> 2 | 13<m_<16GeV §
T T
S = t
g g p; > 2 GeV
50 < W < 180 GeV
10 | p;>1GeV 10 -
KZSZ (LO, CS+CO) i N
KZSZ (NLO, CS) 5 |
0.117 < o (M,) < 0.121 £ BSW(LO, CS+CO)
1.3<m_<1.6 GeV 4
----- BSW (LO, CS)

1 | | | 1 | | |

0 0.2 0.4 06 08 0 0.2 0.4 06 0.8

z

NLO CSM agrees with data; Theoretical uncertainties do not allow strong conclusions on CO
Left: NRQCD describes shapes (large LDME uncertainties)

Right: Damping at high z for BSW (LO, CS+CO) = better agreement

Vaia Papadimitriou (Fermilab) March 3, 2004



Photoproduction: 6 55 /G s

ZEUS EJ C27 (2003) 173
,@0-8 2 @08 T b)
Egﬂ.ﬁ ® ZEUS 96-97 Egﬂ.ﬁ
b%(l.il * 5%0.4
w + * o | + S y2s)/ O yas) = 0.33+0.1075,
% 1 2 3 a4 5 % 100 150
p; (GeV) W (GeV)
708 T )
.."?_50_5 Flat, consistent with 0.24 from KZSZ (LO,CS)
q
=
04 ¢ + Estimate of J/y fraction coming from y(2S)
0.2 + Cascade decays consistent with expectations
ol (15%)

Vaia Papadimitriou (Fermilab) March 3, 2004



Photoproduction: helicity

ZE

o [ a) -
® ZEUS 96-97
1 Dd<z<1
targetframe ___.....
0o L ﬂ—:
1 | BKV (LO, CS+CO)
----- BKV (LO, CS)
-2 -~ Baranov CS (KMS) -
1 2 3 4 5
p; (GeV)
Sa [ |
2 - DAd=z<1 °
] helicity basis
®
-1 | — Baranov CS (KMS)
.......... Earannv CE (GHW
-2 1

1 2 3 4 5
Py (GeV)

Vaia Papadimitriou (Fermilab)

®9

US

b)
+£ target fram
target frame
----- i]ﬁ --:-#_—__
"y
T 1l
1 2 3 A :
Pr (GeV)
| I
 04<z<09 d)
helicity basis
oo
T 1l
1 2 3 A 1
Pr (GeV)

EJ C27 (2003) 173

dN/dcosO* o« 1 + o cos20*

BKYV — collinear calculations

Baranov — k-factorization

March 3, 2004



H1 - J/y Electroproduction

NH ||| 1 1 IIII_
> 102 e H1 -
510
1)
S10 | v ] -
e * i
S = 3
— [ -
S | :
10 Ef] cs+co —
‘1 cs ;
| | |||||| | L1 111
10 10
Q° [ GeV1]
NI_' 2_ T TT] T ]
%10 f P H1 E
o | e
o *
"‘Q"_" 1F ] —
b o] —i—:
© -
0 10 n
©10 e cs+co —
[ 1 Cs ]
| 1 | |||||| | |
1 10

Vaia Papadimitriou (Fermilab)

pts [ GeV?]

Data: 2 < Q? <100 GeV? EJ C25 (2002) 41

03<z<0.9

50 < W <225 GeV
p*>1GeV

JL dt=77 pb"!

Theory: LO Colour Singlet Model
LO NRQCD (CS+CO)
(B.A Kniehl, L.Zwirner, NP B621(2002) 337)

CS alone: normalization low, too steep in p..

NRQCD (CS+CO): too high at low Q?, p..
better at high Q?, p.,

Need: NLO calculations
More data at larger Q% p,

March 3, 2004



Zeus - J/y Electroproduction: Q? and W

ZEUS ZEUS
T T T T LU | T T T T T T T | T | T | T -
e ZEUS (prel.) 1998-2000 ® ZEUS (prel.) 1998-2000 -
I KZ(CS+CO) - W KZ(CS+CO) :
.| KZ(CSs) =

| KzZ(Ccs)

da/dW (pb/GeV)
=]

10 S C
10 Q? (GeV?)

50 | 100 | 150 | 200 | 230
W (GeV)
*KZ(CS) and LZ(CS): lower but consistent with data

*KZ(CS+CO): mostly overshoots data
LZ(kt, CS): agrees with data

Vaia Papadimitriou (Fermilab) March 3, 2004



H1 - J/y Electroproduction

Q2 > 2 GeV2 Note: Theory
normalized to data
N i | | ' | — | ' | .
B ‘e SIS ® H1-
S [ cs+co : 3“'01:— E
@) 3_—:| CS = i_ _f
N s 3 ¢ :
Large shape . : $ 1%
discrepancy 15 : | | — ; _% ggmo | | E
0.4 0.6 08 %0 100 150 2%
z eVl £y 25 (2002) 41
i s T T o A AR AR AR I
> 461E e H1| T 5l i o H1
o v = ¢ = :
e ﬁz‘_ 1 e 0.6 i T 1 ]
s 5,1 E 1 = 1 ]
g | == T 04 $ =
B 6% _ -
§ [ cs+co = 02f [ cs+COo - Rapidity in yp
E10"4_|;|||ES L L ||||||| L Ll 1 IIIl 2 _| L1 1 | |\ﬁ‘| |’C||S| L | L1 1 1 |: CMS
- 1 10 10 2 25 3 35 ¢,
p,2 [ GeV’]

Vaia Papadimitriou (Fermilab)
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HERA photo/electro production summary

e Photoproduction

¢ NLO corrections enable one to describe high production of J/y
within CSM

¢ Theoretical uncertainties are large: contributions cannot be
excluded

e Electroproduction

¢ LO CS: Below but consistent with data, except high p; range (NLO
corrections?)

¢ NRQCD (CS+CO): too high at large z and small p* values

¢ kt-factorization (CS): agrees with data except at high p* (too low)
and 1n photon direction (too high)

Vaia Papadimitriou (Fermilab) March 3, 2004



HERA-B

Data taking of 30 October 2002 - 3 March 2003 provided:

¢ ~ 300,000 triggered J/y (e*e/u*y’)

¢ ~ 210-10% Minimum bias events

80% of statistics

ty o . . 5
2350(]0 ele” : Width: 64 MeV/c
S vy
=
E:.‘_.31::;(1(::0 \
3_25000 \
g | VoA
1320000 ] y j 1
| 1.1‘_ |
15000 / |
I :l
10000 |,° ow J | $(25)
5000 [V \
- T
%9 1 2 3 4 5

+ - . 2
e e Invariant mass GeV/c

Vaia Papadimitriou (Fermilab)

~100% statistics

™~ ] 0'j =3
o b J o
T - “
> k
en
en
g ] 04_ Approx. 3,000 events
* - Mass: 3674 MeV/c
-S:J Approx. 177,000 events Width: 53 MeV/¢
© |Mass: 30095 MeV/¢?
M | Width: 44 MeV/e
10°E y(Es)
Er | | 1 i |

PR NN S W NI R N N MR S SN
32 34 36 3.8 4
M () [GeV/e?

cl
26 28 3

March 3, 2004



Charmonium Production :

Fraction of J/y produced via y, ;l AM = M (J/y v) - M (T/v)

R = Z cS(Xd )Br(xci — J/yy) Only p-channel, 2002/2003 data
= oc(J/vy),,
600 T T R T
PL 1281, 190.3
F Ir T 5 A 500 s 0350l 0smeE0: ]
L - ) pA 400 Pd 0.200LE-01 + 0.6846E-0d
- V pA (HERA-B) ' |
0.8
: | 2000 <00l
0.6 ; 200+
100}
0.4 B - 0 [
B -100+
02]

0 01 02 03 04 05 06 07 08 09 1

7\\((~(\\\~((((~\(\(~\(
0 10 20 30 40 5

R ~1300 y, in 15% of data
Measurement 2000 based on R =021+005
380 + 74 y,. (both pru-, ete’) K e
R, . =0.32£0.06, + 0.04, Electron channel gives compatible result.

PL B561 (2003) 61 March 3, 2004



y(2S) to J/y ratio and J/y polarization

x 107
1200 80% of e*e” sample!
30% of e*e” sample =
. HE-']EII!]IEI -
: % RO0 [ " i » +
B89 . . &
% 705 () J£771 TLI‘”L‘;%_ B 600 > e
Lo 400
[ R l 200 aexo — (_O.S ; +O.1) t 0.1
o H\:"j . L 3 N Y | VRSV
579 (C) cosf
g o 1S
7 | Expected sensitivity
. 0.5
g , o o e “ﬂmmmml_lﬂ
Gel |_‘I_|‘—'|_||_||_||_I
0.5 |
Use c(J/y)=357+8 . +27 (E771, E789 CEM: o =0 —
(') st £ 275y ( ) | ICSM: 0.2 < 0. < 0.4
SR\ T B P e e S R R
o(y(2S)) =46 + 12 nb/N Py Ge Ve
dl'/d cosf oc 1+ acos’ 6

R =o(y(2S)) c(J/y)=0.13+0.02 |a=1 transverse

Vaia Papadimitriou (Fermilab) a=-1 lOngltUdlnal

NRQCD: 0 < a < 0.1 for

1.5<p<4 GeV/c, J. Lee(2000),
resummation needed




Double ¢C production at BELLE

e'ee—J/y cC  ete~— (cT), cC PRL 89 (2002)142001
. N EPS-ID 562
"o - N "o
Eaﬂ—‘” m | Em_‘” 101.8 fb !
g 20 bR ! !
“ 10 ||| <3 }
i g
i il
2

0 0
2.2 2.6 3 3.4 3.8 2. 2.6 3 3.4 3.8
Recoil Mass(J/y) GeVic? Recoil Mass(y(2S)) GeV/c®

o(e'e” = J/yn)=46+6"n

LO calculations: 12.31 +1.09 fb
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J/y production with associated charmed hadrons

m~5.”~ D’ > K" { a) wg b) BELLE
40 40
o Tl H g D° _s K-mtr- EPS-ID 562
o =]
= Rk H1 Ly | = 1!
T T iH# il
0 i 0 : g v U
2.8 3 3.2 24 2.8 . 3.4
M(I'T) GeVi/c® M{I'T) GeV/c?
Ny D+ —> K_7Z'+7Z'+ ™
S 30 - J s f 4
o a 15 I — 4+ _+
2 1 | | zZ | |
10 5 |
) and b1 h 1A\ | it
0 ! i I#HJ g °7-||A| i HH-"HW
2.8 3 3.2 34 2.8 3 3.2 34
M(I'T) GeVic® M{I'T) GeV/c?
P ,~2.0 GeV/c

o(e'e” > J/yee)/o(ee — J/wyX)=0.82+0.15£0.14

> (.48 90% C.L. NRQCD factorization: ~ 0.1




Observation of X(3872) State at BELLE

- o PRL 91(2003)262001
_ a} dota b} MC
300 ¢
s | o 140 fb !
“g a0 | | 152M Y (4S) — BB decays
R
& o0, 2 - B* —» KJ/yntne
b el Y e J X—J/yrtn
0.40 080 1.20 0.40 080 1.20
Mim*a I* Ty - MII*T) (GeV) Mimta ') - MIFT) (GeV)

RBw(ZS) = 6.3 +1.4%

M = 3872.0 + 0.6 (stat) + 0.5 (syst) Me\ s
Width : 2.5 + 0.5 MeV

489 + 23 y(25) events
35.7 £ 6.8 X events

Events/D.005 GeW
Mo
n

10.3 o statistical significance

Vaia Papadimitriou (Fermilab) 04 0.50 0.60 0.70 0.8l
Mir*n) (GeV)



Observation of X(3872) State at CDF

hep-ex/0312021

S000TEeBF I
22001

5000/ 2100 X—J
N | 2000
%4000— | 1900; + 200 pb-!
= t 1800 } t $ ! Jr
§ 3000 %80 aes ss0 3esl 5790 + 140 y(25) events
?éﬂ 580 = 100 X events
S

3.65 3.70 3.75 3.80 3.85 3.9% 3.95 4.00
J'ynw Mass (GeV/cH)

X Width: 4.2 + 0.8 MeV
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Observation of X(3872) State at CDF

_|_ -
3000 TG BE [17400] X—J/yrn'm
] 13001
2500-
] 1200
- || M_>500 MeV/c?
o I 11001
=2000]| | _
2 4 1000 3530 £ 100 y(2S) events
K]
31500 730 + 90 X events
3
£1000 ™ S
500 J _ M) =05 G 11.6 o statistical significance
] M(m*) > 0.5 GeV/c
N

3.65 3.70 3.75 3.80 3.85 3.9023.95 4.00
J'yn'n Mass (GeV/c™)

M, s, = 3685.65 + 0.09 (stat) MeV/c?
M, = 3871.3 + 0.7 (stat) + 0.4 (syst) MeV/c?

X Width : 4.9 + 0.7 MeV /c?

Vaia Papadimitriou (Fermilab) March 3, 2004

v(2S) Width : 3.44 + 0.09 MeV/c?



Observation of X(3872) State at D0

M. >520 MeV/c? X—Jhyrtm
_ D@ Run Il Preliminary 900 DO Run Il Preliminary
1000 200 pb’ 800} v@S) 200 pb™”
: 00 _ X(3872)
800} In|<1.0

600 m

600 B 500}

1.0<n<2.0

_ 400 F
400} ;
- 300 |

200 F

100} j

of
03 04 05 06 07 08 09 1.0

2001

No. of Candidates / 10 MeV/c?
No. of Candidates / 14 MeV/c?

ol
03 04 05 06 07 08 09 1.0

M(ﬂ+ﬂ_ﬂ+ﬂ_) - M(HW—) [GGV/CE] M(“+#—ﬂ:+n—) _ M(}W!I) [GeV/’CE]
AM = 768.4 + 35 (stat) + 3.9 (syst) MeV/c?
w(2S) Width : 9.6 MeV/c? 1700 £ 109 y(25) events
X Width : 12.2 MeV /c? 300 £ 61 X events

Vaia Papadimitriou (Fermilab) March 3, 2004 4.4 o statistical Signiﬁcance




Observation of X(3872) State at D0

X—J /gt

o | D@ Run II Pr nmmary DO Run Il Preliminary
> 600 by _ 1o; , , :
p= ' + +++ o 3 e eS| ;
o : + +++ 3] 095 . m X(3872) !
P it "ozt * J 5 s
@ 400} 14 I - g . | %
s | | AL R 3
"g 300 | t 0.5;— 5 ' J \ E :
4] i 4 04 ' | 4 i "
S 200| + ol | TSRS
O i + E 8 - = o i b
: [ 02¢ 4 = = ¥y
Z 1oop o =29 b 1T T

L ™ 0 . ! = | ! E_l-'-:_l i

93 04 05 06 07 08 08 10 Isolation Eeenc'ﬁ n Helicity Jfllp;m

M(uumen) - M) [GeV/c?] J T

Comparison

Compare signal yield fractions for X(3872) and y(2S)
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The Charmonium System

ZMD -------------- s :
(23S)
o hd I -.._ﬂ c1

n.{25} !,-’
/ l }I

n:,: (235”) o I:_“IIP]
» hadro: W drons ‘
}J ..-'
n.y
‘[1 JW(1S)
Jy @)
T]Q (ISS”)
JPC = g+ - g+

Vaia Papadimitriou (Fermilab)

A onTE =

March 3,

these should
be narrow

X ,{1F)

\

Ceo,1.2( *Po1y)

Wigner - Iy, o' Jy) =Ty, o't Jy) =

Eckart:

‘21‘1‘

=T(y' > ntn— J/y)

CLEO: < 55keV (90% CL)
BESII: 85 i+ 35 keV (new)

T(y,27x.1) = 360 (207) keV >2 I'(mt+n—J/vy)
T(y3>vx,) = 370 (299) keV >3 I'(n+n—-J/y)
-V

A .

hep-ph/0311162

hep-ph/0401210




Events / {0.004 GaV )

Events ! { D005 GaV )

Search for X(3872) — yy_,(yx.,) at BELLE

Events / { 0.008 GaV )
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16E
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E|
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Events ! { 001 GeW)
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_IIIIIIII|IIIIIIIIIIII|IIII|IIII|IIII|IIII
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W(2S) region

X(3872) region

LX) <1.1
I X=>nrnJd/y) ’

3
=
S £
2 b Myxc2
4
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2

1= 1 L‘*
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Contrary to expectations for charmonium D states



Search for X(3872) > DD (BELLE)

88 fb-! hep-ex/0307061

W(3770)

Br(B+>X(3872)KH) x Br( X > )
<6 x 105 at 90%C.L.

10 MeV)
(=] F =

-] o |5} 7%} EEN ] -1

Br(B+—>X(3872)K%) x Br( X —D*D-)
<4 x 10 at 90%C.L.

Events / (

Br(B+>X(3872)K*) x Br( X »>n® )
<6 x 105 at 90%C.L.

375 4 4.25 4.5 4.75
M(DD) (GeVic?)

B*—>K* D'D’ B*>K*D'D-
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J/y helicity distribution and h, '(17) - BELLE

J/y 5
' «=T73/9
- x/ Oy i 4 :
< ﬂ: I -:

Tt

For 1*- expect: dN/dcos6 ,,,, = sinze/ |——|_f|_I
2

signal + background |

i. 2V |““|-. “Ih-i---I".Jj-"l-“l-".ln--l“ -;-"I' -|- |““|-I“|“-'|_"'r"=
/ﬁﬂll} 025 0.50 075 100

background | cosB 3 f‘iil

h,'(1*) very unlikely|
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Is the X(3872) the 2°P, State? (BELLE)

E Xp eCtation . B/arnes, Godfrey hep-ph/0311162
['@2°P, 2 vJy) ~ 11 keV ~30
I'@2°P, = TI:TE:\]/IV) ~T(y' 9/n° Jy) ~ 0 (0.3 keV) Y pa— M(Y J/I!I) .
isospin violating o + I
160 - iﬂé .
| |
120 | .|
] f | 1
80 | X(3872) 7
40 :_ 'I 11 -
0 eI . TSR R V.
F(YJ/W) too small 0.30 0.40 0.50 0,60 0.70 0.80
Br(X—>vJhy) o
BrX>mm /) :
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Search for X(3872) — J/yn (BABAR)

81.9 bl 02 Loy w] hep-ex/0402025
90M Y (4S) — BB decays?  hiadsoads
A S — 30 R v o oy o
02 Ho i (©) 12 . 1o
: 3 | B>J/yn K
éﬂ BABAR . % : \ljn S
0.2 - 20 %
: 310 a5 |
%o |- (D) 4o 55
0 0
F10 03 0 03 5. .
@ 2 6 ry2s) X |
%03 Lo, 03 %52 ey E A ¥ \ BABAR
B*—>J/yn K* G
Br(B*—>X(3872)K*, X —>J/iym) & | | WNHH H“ |H H!JW‘HHHHHHHNH HMH L1 |‘W
<7.7x 10 at 90%C L. = 3.75 4 4.25 4.5 4.75

2
Vaia Papadimitriou (Fermilab) , J/W MaSS(GEV/C )



Conclusions

e Lots of results, many surprises
e Very fruitful interaction between theory and experiment
e Tevatron Run II expected to provide (4.4-8.5) fb™! by October 2009

e HERA-II expected to deliver 0.75 fb™! equally distributed over charges and helicities
by end of 2007. Particular effort will be made to reach 1 fb’!

e BELLE is expected to have 500 fb ! by the end of 2006; 1 ab™! by the end of 2008
(~1B BBbar pairs)

e BABAR is expected to have 500 fb -! by the end of 2006

Vaia Papadimitriou (Fermilab) March 3, 2004



Backup Slides

BACKUP SLIDES

Vaia Papadimitriou (Fermilab)
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Diffractive J/ y Production

e Use Beam-Beam-Counters and forward calorimeter towers to “tag” diffractive events
(gapin2.4<n| <5.9)

7 I —
ool ] <1.0
§120 (b) n,
g 120 77 Dypof. 1
g 100 - S +
L 80 o sokl i
60 € |
40 3> 60 .
- prd [
g L 40 F I 1 } ! -
- I -1 1
20 _""E'” : 1 CDF, PRL 87
L | | 1(2001) 251803
%% 5 10

(NCAL’ NBBC)

Ratio of diffractive to total production rate: R\v =1.45+0.25%
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Run II - CDF

Events per 10 MeV/c®

x10® CDF Bun Il Preliminary, 120 inv. pb. June 2003
25001=  Jw: Events: 1.2M, Width: 22.6 + 0.03 MeV/c?
R - P(2s): Events: 37k, Width: 218 +0.5 MeVic?
: - ..
2000 . ®
- m_
i - .
1500 - ._“‘ .
- "..ﬂ .
B . mw I-.‘. .
B *
1000 | . .,
= By
L L L ] ] | .
| - 3.5 EX=] aT 3.8 a8
500[— - -
— - [ -, S
okt . | |
3.0 3.5

All four tracks in silicon
3.5 MeV/c? resolution _
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© O
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8

Events/5 MeV/ie 2

Mass (u* ), GeVic®
CDF Run Il Preliminary 80 pb”

Events/20 MeV

N(y’)=2332.0+73.3

y(2s)— J/vy T

364 366 368 370 372 374 376 378

.80

Jyrr candidate mass [GeV/e ]

iviarcn s, Zuu4

700

600(
500}
400}
300/
200[

100f

9.0

4146 Y(1S) events
1307 Y(2S) events
~80 pb!

9.5 10.0 10.5

up mass [GeV]
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J/y Cross Sectio

CDF Run Il Preliminary

n— Run II (CDF)

. 102:- L | |
g - ® Data with stat. uncertainties
8 \ Systematic uncertainties
E >
c
=) 10"}
% Extends to p,~0
2
=
i
. 1t
© s
o
v
=
g
-1
B 10F =
© AP S P B |
0 4 8 12 16
p(Jy) GeVic
+35
O sy =240 2 1(stat) 5 (syst)nb

CDF Run Il Preliminary

@ Data with statistical uncertainties

— Systematic uncertainties

(Includes correlated uncertainties)

Extends to p,~0

o 5 10 15 20

25

p+(H,) GeV/c

o(pp > H,X,|y|<0.6)Br(H, => J/yX)Br(J /v — uu) =

Vaia Papadimitriou (Fermilab)

24.5+ 0.5(stat) = 4.7(syst)nb




HERA Production Mechanisms

Inelastic i p-dissociation ; Elastic

H\%’< L . ’r J/wé

“resolved” (gg-fusion) direct (yg-fusion) g I/
(z<0.3) (z>0.3) : : }\/
y P

Jhy from y(2S) decays (y(2S) — J/wnr and others)

(not subtracted, measured, ~ 15%)

Jhy from y decays (not subtracted) ¢ l

(1% of 1nelastic, up to 7% at lowest z)

Cut on z, (f-wd.) energy,
add'l tracks, ...

Jhy from B decays (not subtracted) : H
(5% of inelastic, up to 25% at lowest z) : “Forward tagging”

Vaia Papadimitriou (Fermilab) March 3, 2004




Zeus - J/y Electroproduction: inelasticity

ZEUS
2 4000 | =
N ® ZEUS (prel.) 1998-2000
G 3500 h
L 7 KZ (CS+CO) |
3000 | KZ (CS) _
== LZ(kt, CS)

3

g
K
8

2000 - —
1500 -

1000 —

Vaia Papadimitriou (Fermilab)

* KZ(CS+CO): too high at large z values
(high-z resummation needed?)

* CS predictions are consistent with data

March 3, 2004



Zeus - J/y Electroproduction: p,2 and p 2

I B B | ]
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:F T T ||||||| T T ||||||| T T :F 3 IIII T T |||||||
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e T o o 10 25
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KZ (CS) and LZ(CS): too soft in comparison to data
overshoots data at low p;~ values
LZ (kt, CS): too soft as well (NLO corrections?)

Vaia Papadimitriou (Fermilab) March 3, 2004



Zeus - J/w Electroproduction: rapidity
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LZ (kt, CS) tends to be above the data in photon direction

Vaia Papadimitriou (Fermilab)
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HERA vs. Tevatron ME

o Only use theoretically safe regime: p.?, Q* >4 GeV?, M, > 10 GeV

¢  Statistics limited in 1999
e Consistent description difficult
e Repeat including recent data?

e Common fit?

Vaia Papadimitriou (Fermilab)
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Upsilon Production : 6 (pA— Y )

Y— o , Y—e'e
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p' invariant mass, GeV

# Y events 35+ 8 # Y events 33 +10
Width 157 MeV Width 335 MeV

Width : in agreement with MC

Measurement of the Y production cross section is feasible
may help to distinguish between Fermilab fixed target measurements

Vaia Papadimitriou (Fermilab) March 3, 2004



Prompt ¥, production at BELLE

L, PRL 89 (2002)142001
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Search for n, at CDF

N, —J/v J/y reconstruction

Braaten, Fleming, Leibovich

PRD 63 (2001) 094006

Expected production rate:
o(ny) ~ (3-6) x 5(Y(1S))

B(n, —>J/v Jhy) ~ 7 x 104+

100 pb-!
Possibly seen in Run I?

Vaia Papadimitriou (Fermilab)

Run 1 SVX J/9 —> uu Doto
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Small cluster: 7 events, 1.8 events expected from background

CDF mass resolution ~ [0 MeV/c”
Search window 9.36 to 9.46 GeV/c?

Simple mass fit: 9445 + 6(stat) MeV/e

Probability of background fluctuation: | 5% (~2.2 &)

March 3, 2004




Search for n, at CDF

N, —J/v J/y reconstruction

Rate Limit:

oNy(ly[<0.4) B(n, =>J/y J/y) [BUJ/W —pp)]*<18 pb

Run 1 SVX J/1 —> uu Doto
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Central value 3.5 pb

Improves apparent significance
Supportive of signal hypothesis
Need more data for confirmation
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