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Flavor-Indep endent QCD Demands Double-Charm

SU(4)Baryon Multiplets

SELEX Double Charm

Bary ons

N

Broken SU(4)classi edaryon states.

N

Stateswith Ny, - 1 all seen.

N

Double-and Triple-CharmBaryonsmust exist.

N

Characteristics charmmesorspectra
{ cchindingpotertial (f 3g state)1/2 tc poten-
tial ) sizeof cccore» J=A size

{ ccsystemin HQET apprximation provides
static colorsourceo bind g, analogouso D-
mesorsystem.

{ nite m;! 3-body e®ectgH; molecule)
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Many Mo dels, Many Predictions

author year model ¥ d{J=32) ¥.J = 1=2)

Bjorken 1986 phenom 3.70GeV/c? | 3.64GeV/c?
Flek & Richard| 1989 bag 3.636 3.516
Toriiet al. 2000 Born-Oppenheimer 3.649 3.613
Roncaglieet al. | 1995 Feynmann/Hellman 3.81 3.66
Ellis 2002 phenom 3.711 3.651

Samplingof ccqmasspredictions

Overall featuresof models: 2 somemoadelspredictpionictransitionsfor

3/21 1/2
2 groundstatenear3.6GeV/c?

2 most madelsbasedon non-tvarmeddecuplet-
octet splitspredictonly electromagnetioyper-

2 hyper ne splitting around60-12aMeV/c? “ne transitions.

2 Model-deenden predictiondor orbital, radial
excitations

2 groundstatel=1/2 multiplet degenerate

SELEX Double Charm Cornell 5/09/03. 4



Exp erimen tal Evidence - 2002

Selexreported 3 signi cart high-maspeaks

ccd

signalR(back)
- 16R6)=65

03.46 348 35

SELEX Double Charm

° " Mass 3520 MeVA
T+ Sigma 3 MeViE

LKp
Signal Channe|
Wrong-Sign

Poisson Pro 10°

352 354 35 358

ccu™

toe 4+ 4+
L.Kpp

. RIGHT-SIGN
- WRONG-SIGN

12

10

oo

0
34

ccutt

35

‘Mean 3780 MeV/
'Sigma 26 MeVIE

'signalRback)
31R31) =56

36

37

38

LCK- p+p+

39

We will concentrate on the low-mass region in today's talk.
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SELEX

N

Forward production

N

Y4 81, p beams

N

typical Lorenz Boost» 100

N

RICH iderti cation above 25
GeV/c

SELEX Double Charm

Apparatus Features

Selex (E781)
W Proton Center Layout

S N
: NN N EN cas
House
PC3 [PC4
Photon 1
BTRD eTRD Ring-Imaging Cherenkov
o ':'ID ] D O =
H T Target M1 D M2 é § vee A Vee B | Vee c
yperon Targetting
Magnet Vertex I T Photon 2 PWC Photon3 neutro
region calorinm
\Fewnor | |‘
I I I T I I
om 10m 20m 30m 40m 50 m

Vertex Region

25 mm pitch Interaction
20 mm pitch 4 Beam 20 mm pitch VX Si detectors \S/Eitr?ti(l\llei)or
Beam Si Scintillator VX Si detectors
Xeml | getectors xy 3uv  xy 4uv xv 5 ux
xy Luv xy 2uv
+2 7
uy x
0 M
-2 Targets
Cu Diamond
Interaction
Scintillators
-20 I -lIO I 6 ' 1|0 2|0 I 3IO I 4IO Z' [cm] SIO
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*

SELEX Single Charm Analysis

. 7
Targetregion .« ™" P

Y

b *

*

*

*
*

L

2 Decy vertexseparatiorsigni cancd./ %

2 Charmvectormometum points bak to
primary: cut on (b=3)? (point-bad cut)

2 Decy vertex lies outside target material

CharmAnalysisCuts

(spacecut)

SELEX Double Charm

SYA
¢

vents

L)
400

200

Li, | \
g 1
i .

Lo DN | I8 -

2.2 2.4
Mass [GeV/c’]

pKi ¥4 lifetime data sampleusedto
searh for doublecharm (1630e\erts)
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SELEX Charm Selection Criteria

Interaction
Beam 20 um pitch 25 um pitch Veto
Scintillator Si detectors Si detectors Scintillator
X[cml xy 3uv xy 4 uv xv 5 ux
20 pum pitch
.o{ Sidetectors Ty oy 2y
u 'y x
(i} | ’
N
21 , “Targets h
» Cu Diamond S
e Interaction S
, Scintillators S
20 . 40 oo 20 30 40 Z[cm] 50
P[GeV/c]
At381 M =2287(5) MeV/c?

al ewert

k- 153 L = 2.245(56) cm
p 154 Lip= 0.445 cm [80]
T 74 T =[LLy,IM/Pc

= 359(11) fsec

~ 1.8 T[A;"]

2 primary vertextaggedby beamtrack

2 secondaryertexmust lie outsidematerial

SELEX Double Charm

Charm SelectionCuts for singlecharm
studies:

2 secondaryertexsigni cance:

{ L/% , 1 for short-lied states
(¥ o)
{ L/I% , 8 for long-lied states

(B¢5-)
2 Pointbad - 4 (2 %)

2 seond-largest miss signi cance
amongdecy trks , 4.

Cornell 5/09/03. 8



SELEX Double Charm

ced Vertex p

Primary
Vertex Vertex
/ K” :
_“‘-‘—'—-—\—._._,_‘?”_
............... =0 -
Beam \ \ + v
Track . )

Xc+c Decay Schematic

2 verticesto considerl/ 3%cuts

2 ccqbaryonscandecy to cqgbaryon;
look for & plus extra vertex

2 Cabiblo-allavedmodes:c! s+ W™)
require Ki (not K") at second vertex

2 No RICH PID ontracks from secondrertex.

SELEX Double Charm

Bary on Search Strategy

-
Q
+

E 0 A A B Bl o®

2 Made indeenden data setsto searh for
ccu™* stateandccd state

2 UsedSELEX =l | pKi ¥ samplewith
RICH iderti cation requiredon p, Ki

2 searb for Ki ¥4 Vi a! vertexbetween
primary vertexanda; decg point

Cornell 5/09/03. 9



ccu Backgrounds from ccd Candidates

alKi ¥4 vertexcanbe boostedto o} Ki Vi Vi
by accidetal pidkup of a primary-\ertexpion

Typical primary vertexpionsare5-20GeV/c

Typicalcharmis 150-30@eV/c; slav pionlies

in bakward hemispherén baryonrestframe.

L¢
vertex +
ccd P

vertex _, . primary

Vertex //_’/_*S ———— track P
<\\ \p+ K"
|

ccd Accidental Boost

Primary

Cut on helicity anglein restframeof decging
stateto remwe bakward exces# seen.

SELEX Double Charm

Use Wrong-SignBadground Studiesto reject
topologicalaccidets

2 At intermediatevertex, chargeis de ned
but masss not

2 signal channel has negatie track as K',
positivesaspions

2 Wrong-Sign Badkground chan-
nelhashighest-momeuam positivetrack as
K", negatie track as¥i .

2 SELEX data are consisten with charge
symmetryfor interactiontrigger

Q = +1 statehasonewrong-sigrchannel

Q = +2 statehaswrong-sigrbadkgroundfrom
oneQ=2 and two Q=0 channels. We average
them.

Cornell 5/09/03. 10



Ki ¥o?: Phys. Rev. Lett 89,112001(2002)

Results from ccd™ Search

7 - Sigma 3 MeV/é

- signalR(back)
- 16/R(6) = 6.5

3.46 3.48 3.5

Calculatem(ccd’) usingm(a}) = 2.2849GeV/c? Poisson
Probability for peakanywhereonplot: 1:1£ 10 4

SELEX Double Charm

8 ” Mass 3520 MeV/d[

3.52

Signal Channe

L K p'

Wrong-Sign

Poisson Prok 10°

3.54

3.56

3.58

2 Useabaryonto nd abaryon:
requirea! daugher

2 |lookfor extravertexbetweenprimary
andea! with vertexsigni cance 1.

2 If it's doublecharm,ccqdeca hasto
malke a Kl

Right-signchannelhaspeak
at 3520MeV/c?

Wrong-sigrchannelhasno signi cari
structure

Cornell 5/09/03. 11



Is There a Partner ccu'™® State in SELEX Data?

Angular character of SIDEBAND events

- Mass 3460 MeVR  L_K p'p' Datac LK p'p’
3L 3460 Mass Region Excluded
: Data Helicity Angle cosg,*)
25 ' Wrong-sign events
. signal/bkg
6.6/3.4
L5 | Poisson Prob - ‘ | (
[ L 0027 0»1 -08 -06 -04 -02 0 02 04 06 cg.sfé q;)
1- npam
05 - 2 Plot Ki Helicit y cosine for events
i outside peak region
0 [ . L1
>3 2 Seebadkward peak,reminiscenof slav pion
accidetally attachedto Q=1 vertex
2 What is this distribution for the phasespace
2 AlImostno ewerts belov 3.3GeV/c? deca of a ccu(3460)?

2 Peakis barelysigni car and 60 MeV/c? from
the ccd (3520)

SELEX Double Charm Cornell 5/09/03. 12



Phase Space Simulation and Data: ¥ Z (3460)

2.25 [ . 1 4
: ~ Mass 3460 MeV/ic  L_K
2 Use4-body phasespacdo sinulate ) | 0 PP
¥ ! Ki¥iYiag signal(Suc) ~ RIGHT-SIGN cosl*) G-.6
175
2 Byt~ total number of badkgroundeverts out- el signalR(back)
sideblind signalregion T 7TIR9)=75
P_— 1251 Poisson Prob
. . :
2 optimizecos(l ) cuton Suc/ Bt A L 1g8
0.75 -
22.5; N Simulation:L:K' p'p’ 05 |
N Helicity Angle cos(*) 7
620 | 0.25 [
175 ’

Q3335 34 345 35 355 36

=
4]

125

10 |

7.5

7.4 ¥peak at 3460 MeV/ ¢ with
double-c harm decay characteristics

O-1 -08 -06 -04 02 0 02 04 06 08 .1

cos( g) 3460state hasangularcharacteristiceonsisten
with L=0 decy

SELEX Double Charm Cornell 5/09/03. 13



Can These Two State Be An Isodoublet?
Masssplit is huge. Is ccd(35205ecy consistenwith beingisotropic?

Sinulate phasespaceadecy of ccd(3520)

' Mean 3520 MeV/t

4l L Kp'
30 i
- Simulation:L: K p* 35 1 .
2 ; cosq, G-.6
205 3520 Mass Region Only 3r

Helicity Angle cosq, ") 25 *

N
o

2r

15 |

[y
[&)]

.

%4734

3.4

10

253.453.475 3.5 3.5253.553.575 3.6 3.625

0-1 -08 -06 04 02 0 02 04 06 08 .1

cos( q)

The ccd(3520) peak is strongly
atten uated by this angle cut!
Signal/bkg: 16/6 (no cut) ! 5/1

2 80%of sinulatedeverts have cos(i; > -0.6) Q=+1 andQ=+2 statesappearto have di®eren
angulardecy characteristicg
Not Isodoublet!

SELEX Double Charm Cornell 5/09/03. 14



A New ccd Candidate

Originalccd publicationshavs low-massstructure

- Mass 3443 MeVi L K p'

zZ 4r *
3 - Data cos),G.6 Lis GL
>8L ignal Regi C . .
é 3 I Signal Region 1 siglbkg 7.4/1.6 Poisson Prob
06 L L 3.8x 10°
241

2 Wi

1 Ll
z0 -
3 342 347 352 357 3.62
% 6 Wrong Sign
= 4
0 2
20 i
é 6 nght Slgn 03.4 342 344 346 348 35 352 354 356 358 3.6
W g

) WM‘U

0]

3.2 3.3 34 35 36 3.7 3.8 39 40

M (LKD) WeVIc™N A newccd(3443peakwith Poissorfuctuation
probability < 3:8£ 10 ° standsout.

2 Make same angularcut that Q=+1(3443)and Q=+2(3460)stateshave same
optimizedccu(3460). angulardecd characteristics

2 | ook againat the ccdmassplot Is this pair the groundstateisadoublet”

SELEX Double Charm Cornell 5/09/03. 15



Where Does That Leave the Original ccd(3520)?
We saw that ccd(3520emitsKi badkward

[

0

3.4 3.4253.453.475 3.5 3.5253.553.575 3.6 3.625

signal/bkg
16/6
14.4/4.6

to- o+

L.Kp
.o helicity cut
cag cosq, L -.25

2 Cut keep90%of ccd(3520%ignal

SELEX Double Charm

Apply ccdCut to ccuMassDistribution

- Mass 3541 MeVEk L K p'p

Data Lis G.25
cogj *cosg, L -.25

Poisson Prob
L5x 10°

signal/bkg
7.4/1.6

3.3 3.35 3.4 3.45 3.5 3.55 3.6

New ccu(3540) peak with Poisson °uctu-
ation probabilit y < 5£ 10 °.

Cornell 5/09/03. 16



What Have We Just Seen?

The original¥/, candidatenov has3 partnersin the samemassregion

The four statesarearrangedastwo pairs(isodoublets?)having samemasssplitting (20 MeV/c?), with

cener of gravity separatedy 78 MeV/c?.

Kaon Q=+1 Q= +2
Angular ol Ki ¥4 alKivive
Distribution | Mass| Nsignal | Nbig Poisson | Mass Nsignal | Npig| Poisson
Probability Probability
isotropic | 3443 7.4 | 1.6 |< 3:8£ 10°/3460 7.1 | 0.9 <5£10°
bakward | 35200 16.9 | 6.1 | 52£ 10’ 3540 7.4 | 1.6 |<5f£ 10°

Table 1: SELEX Candidatedor Doubly CharmedBaryon States

BUT

Both Doublets Decay into the Same Pair of Final States
NOT hyper ne pair - no photonicconnection!

SELEX Double Charm

Cornell 5/09/03. 17




Is the New ccd(3443) an Acciden tal Peak?

UseWrong-SigrEverts to TestRight-SignBadgroundAssumption

-+
o L.Kp 4
i Data co9),G.6

25 , Wrong Sign Lis G

2 [

15[

AN

03.3 3.325 3.35 3.375 3

425 3.45 3.475 35

Wrong-sigrbadkgroundin left plot has1-binspike with Poisson
°uctuation probability < 0.8%- we've looked at 300bins.

Righ t-sign signal °uctuation probabilit y is 400 times smaller

SELEX Double Charm Cornell 5/09/03. 18



Is the New ccu(3540) an Acciden tal Peak?

- Mass 3541 MeVit L.Kp'p'

Data Lis G.25
cogj *cosg, L -.25

Wrong-sign events

Poisson Prob
L5x10°
signal/bkg

2 ccu(3540pnly shavsup for reduced./ 3arequiremet???
2 statisticalsigni cancandependen of L/ %in range0.1-0.7

2 reducedproper time distributionlookssameasother channels

SELEX Double Charm Cornell 5/09/03. 19



A Side-Step: ccq Lifetimes

SELEXanalysisusegeducedoroper length

cty = m/pz*(I-1
r PZ*(-lmin) For All 4 States, Average Raw Reduced

lmin = sigmafor this sample. Prop er Time < 100fs.

Make simulation templatesfor di®eretlifetimes Guberina, et al.: AnalysisUsingHQET + 1/mq

Expansion
2 Oyt » 200fs
ccd'(3520) Proper Lifetime 2 4y++ » 1000fs
Data e

Simulation witht =25fs

w » 01 ONO

Double-barmlifetimesdon't seento followv
predictionglow statistics?)

All lifetimesaresimilarto - ¢ lifetime

In fact SELEX cannotguararneethat the lifetime

IS non-zero!

I |
0 5 10 15 20 25 30 35 40 45 50
Reduced Proper Time MmN

© 0000
U1 O N0

How Can the Decay Rate for ccq States

Be So Large?
ccd(3520example:blue cune (normalizedto 26

e\erts) shavssimulation resultsfor 25fs lifetime
SELEX Double Charm Cornell 5/09/03. 20



What Ab out Pro duction?

Which beamhadrons(8 , ¥4 , p) make thesestates?

state 81 | proton| ¥
luminosiy fraction| 0.77| 0.13 | 0.10
ccu(3460%ignal | 8 3
ccu(3460sideband 9
ccd(3443kignal | 6
ccd(3443¥kideband 10
ccu(3540%ignal | 7
ccu(3540%kideband 10
ccd(3520%ignal | 18
ccd(3520%kideband 18

R AR ANN O
Rl olrlor o oo

High-mass states dominan tly pro duced by bary on beams.
Probability of seeind pion ewerts is at 4-5%lewel per channel- not impossibleput for 4 channels?.

Productionratio Cu/C » o data
Within statisticsprotonsareat leastase®ectigas8' in producingthesestates.

SELEX Double Charm Cornell 5/09/03. 21



Why Does Only SELEX See These States?

FOCUShas» 12 morea; ewerts anddoesnot seeDoubleCharm
E791has2/3 asmary & ewerts and doesnot seeDoubleCharm
but ::: Only SELEX coversforward hemispheravith baryon beams

Recallthat the ¥} was discoeredin a 135GeV Double-barmmay not be sao rare:
81 beam(WA62) and not seenin photonor pion

beamsuntil mud later. 2 Large4-darm/2-charm productionratiosseen

in Hybrid Emulsionexperimerts (¥4 , p beams)

2 cclce mesorpairs» 10%in NA32(forward V4
at 230GeV/c)

120
80

We don't understandccqproduction!

Lo~

ccqstatessupply» 1/2 of fornard o !

0

SELEX Double Charm Cornell 5/09/03. 22



Are There Other Interpretations Than Double Charm?

Are ccd, ccu™® states isodoublets?

1=1/2 baryonisadoubletmasssplittings:
¢M = M(l3=-1/2) - M(l3=1/2)

state | ¢m (MeV) | corediquarkcharge
nucleon +1.29 +1/3

¥ +6.48 -2/3

¥. |+558 1.8 +1/3

¥.? -208 3 +4/3

SELEX states are massive and narrow -
ik e Ds"(2317)?

alKi ¥4 nal stateshave ¥." quartum numbers
... but asnarrav asthe CLEO statesand 1 GeV/c?
heavier.

The a/Ki ¥4 ¥4 (Q = 2) nal statesdon't share
quartum numbersof any single-barmbaryon.

States are numerically weak, statistically strong. What are they
if not double charm?

Anther possibilit y is (csudqg) family
(Not the favoredpertaquarkstructure!)

SELEX Double Charm

Cornell 5/09/03. 23
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10

A Reprise

Selexhasobsered4 narrowv, high-masgeaksin the massrange

ex

- Mass 3520 MeV/c
r Sigma 3 MeV/é

- signalR(back)

" 16IR(6) = 6.5

- Poisson Prok. 10°

+

+ .
L.KDp

I Mass 3443 MeVFic
Data cosq;G-.6
sig/bkg 7.4/1.6

Poisson Prob
L 3.8 x 10°

3550
I 3525 [
355 36
3500 -
3475
3450
L K p* 34251t
L/is GL

3460 MeV

3443 MeV 117 MeV

-+ oo+ 4
LKp LKpp
ced” ccu™

78 MeV

L=0

ectedfor DoubleCharmBaryons

| Mass 3541 MeVEk LK p'p
3F Data Lis G.25  }
[ cogj *cosg, L -.25
25 [ .
r Poisson Prob
i L5x10°
2f _
r signal/bkg
15[ 7.4/1.6

Ly

3.3 3.35 3.4 3.45 3.5 3.55 3.6
2:25 1 Mass 3460 MeV/c
2L
RIGHT-SIGN
1.75
signalR(back)
1.5 F
F7AR9) =75
1.25 ¢ Poisson Prob
1Lt L 10°
0.75 F
05
s 24
0.25 [
Q

3.3

3.35




2 The four SELEX high-masstatesarea pair of pairswith 20 MeV/c? masssplitting.

{ lower-masgpair is consistenwith L=0 decy
{ higher-masgpair is inconsistenwith L=0 decy

2 All 4 statesdecq like doubly-tharmedbaryons
2 Lifetimesarevery shortfor both Q=1 and Q=2 systems

2 If pairsareisadoubletsjsospinsplitting is large

Where do these states t into our theoretical framew ork?

SELEX Double Charm Cornell 5/09/03. 25



Non-Relativistic QED Ideas and Recent QCD Analysis

Born-Oppenheimet=0,1 Doublet QCD View - QQq Hyp erne Doublet
> B.ardeen,Eldwten, and Hlll (hep-ph/0305049
L discus€)Qqgbaryon multiplet lewelss

M ()
\ _ N .
m O \Q 2 ccqhyper nedoublet(1=2"; 3=2") split by

78 MeV/c?
M

2 M1 EM transitionsare stronglysuppresse:
by chiral structure) weak decgs from

ccq system J=3/2 may be OK
r~1F 2 gplittingsmatd beautifullyto SELEXdata
2 HomomlardiatomicmoleculebavezeroEl In this picture SELEX data are the
momei (infraredimpotert). ground state hyperne quartet of

2 By symmetryccpair hasno E1 momen) states of the ccu and ccd_double
NO L=1! 0 EM TRANSITION charmed bary on family

Can B-O QCD treatmen t keep L=0,1
assignments for lowest two levels?

SELEX Double Charm Cornell 5/09/03. 26



The Final Word for Today

Additional supprt would be nice 111 butit may take awhile.

2 FOCUSdoesnot seaedouble-bharmbaryonsfrom
photopraluction(12x moreeerts)

N

pionbeamsdon't seento be productive

N

e e obserationof¥! took6yearsafterCERN
publication

N

Therearenot mary placesvith 600GeV pro-
ton beamshesedays

For nov SELEXI s lookingat alternative modes:
D* pKi (V4'), DpKi Vi, ¥ Vi Ya (Vi)

SELEX Double Charm Cornell 5/09/03. 27



3550

3525

3500

3475

3450

3425

SELEX Double Charm

3541 MeV

3520 MeV 121 MeV

3460 MeV

3443 MeV Il? MeV

t -+ T+ +
LKPp LKpp

ced ccu™”

A L&D

/8 MeV

V. L=0

Cornell 5/09/03. 28



SELEX Double Charm

Mass of 829

M S pt(3p) >0.35 GeV

~
o
T
=
e
o
o

dN/dM 10 MeV bin

mroze

Nent= 180

Mean = 2724

RS = o111

a2 rnar=9939 /26

Prob ~0ss81

Cconst = 6545 1888

Sope 007819 +0.4344

Quar =161 262

Nevents = 508 2193

Mean =271 +000483

Sgma 00111 20003684
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Nent=2190

Mean = 2678

Rus ~o1u8

chizsnat= 2316132

Prob 0873

Const =804 20758

Sope <5614 27221

Quedr =s354 21335

Nevents =3029 1069

Mean =2707 200057

Sgma = 0005176 £0002672
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