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A Little X (3872) Background:

e Aug’'03: Belle Annouced Discovery of X (3872) — J/¢ymnTn—
e Obvious Interpretation: 3Dy Charmonium?. .. But X Too Heavy

e Curious Facts: #1- M(X) ~ M(Doﬁ*o)
#2: Favors High wrr-Masses — J/1p Decay?
... J/1¢Yp — Isospin Breaking If cc

e Seductive Hypothesis: Deuteron-Like DY-D*0 “Molecule” ?
> Naturally Explains: Mass & Isospin
e Other Hypotheses: cqg-cg-Diquarks, ccg-Hybrid, Cusp
e Spring'05: Belle Measuring Angular Distributions & M (7):
— Argues 171 Preferred [hep-ex,/0505038]

e Range of Strong Opinions, But. ..

= NoO Interpretation Firmly Established <
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X (3872) > J/Yrta— in pp @ /s =1.96 TeV

e X (3872) Quickly Confirmed:
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e Mass Measurements:
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Properties: X(3872) Versus

° £ 9 : Fraction of Yield for Various Properties:

a) pr(J/vYrm) > 15 GeV

b) |yl <1
C) cos(0;) < 0.4

[w Helicity]

d) Proper Decay Length < 100 gem

&) p(X) _
P(X) + 2 Ar<os P(TTacks)

f) cos(0,) < 0.4 [ Helicity]

= X (3872) & Production

Appear Indistinguishable

Proper Decay Length:
Measure Fraction of X's From
B-Decay Vs. Prompt

— 28.3 £1.0 £0.7% ¥(2S) From B'’s
— 16.1 +4.9 £2.0% X's From B'’s

— X Production Looks Rather

Charmonium-Like!
e.g. See:

hep-ex/0505083, hep-ph/0506222, hep- ph/0508258

Fraction
o
T

_[PRL 93, 162002 (2004)]
| Lot w(2S)

CDF Il Preliminary

Comparison
[hep-ex0409052]

+2.50 Projection Around X(3872)
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[ ] Prompt Background
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. Dipion Mass Spectrum:

e Belle Discovery: High wm Masses Favored
= Contrary to Some cc Options

e Speculation: Actually X — J/¢p? <« Isospin Violating for cc!

= Another Hint of Molecular Nature??

e CDF has Large X Sample — But Large Background Too
1) Divide J/ymw Sample Into “Slices” of M (nw)
2) Fit Each Slice for ¥ (2S5) and X (3872) Yields

For Example (360 pb—1 — 1.3k X's):

CDF Il Preliminary, 360 pb™

a
o
o

o 540 < M(rm) < 570 MeV/c® | 625 < M(Tm) < 650 MeV/c® | 690 < M(Tm) < 710 MeV/c?® | 750 < M(Tm) < 765 MeV/c?

% 400 ¢ -15 + 39 (stat.) X's

s g 3 ] 102 + 38 (stat.) X’s

T t $ 165 + 35 (stat.) X's

7 i A X +'H'- 2 A A $ 182 + 30 (stat.) X's

(0]

T 200 | L 4 N -

o ‘e

2 100 N ALY

8 Fit Prob =32% [e Fit Prob = 30% o Fit Prob =52% Fit Prob = 50%
o)) SPEFE I PP EPUPUPIN N P R P ik I B A IR B

3.8 3.85 3.9 3.95 3.8 3.9 3.8 3.9 3.9 4

J/yrmtMass [GeV/cz]

3) Correct for Efficiency == Dipion Mass Spectrum
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X (3872) Dipion Spectrum: Charmonium Fits

e EVEN C-Parity Charmonia=- 17~ DiPi=- J/4p Decay
i.e. 1Do, 3Py, 3Py, 3P, 18
e ODD C-Parity Charmonia=- 071 DiPi=- Multipole Expansion

i.e. 3Ds, 3D3, 1Py, 35, [Yan PRD22 1652 (1980)]
CDF Preliminary 360 pb™
250 x(3872) - J/wrtTT
200
Multipole Expansions for cc:
< 38 Gives Good Fit!

But There Can’'t Be
.......... | a 381 c¢ Nearby:
. 2S Is At 3686 MeV

= - + “—  3S Is At 4040 MeV

04 '0.62' 08
TitMass [GeV/cT]

A
o

H
o1
o
TT T[T T T T[T TTT [T T T T [TTT T TT
| | | | |

o

X(3872) yield per 20 MeV/c’
o
o

an
S

—> Consider J/vp Decays. ..
( This Includes Non-ce Too)
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X (3872) Dipion Spectrum: J/¢p Fits

e April '05 CDF Released J/vp Fit Based on

Simple Non-Relativistic Breit-Wigner X

CDF Il Preliminary, 360 pb™

X(3872) - J/YriT
— J/Y p: prob = 36.1%
SEETERE J/Y TutPhase-Space

Phase Space:

Multipole Expansions for cc:

3Sl: prob = 27.7%
'P x5

.............
pmmm=m" STl
=" PR S P = LI N L IR I
-------------------
pppatiaEET I g e vl L T mea,
. - g s T

-
~a
e -
-----------
........
.....
-
-
-
-~ -

.
----

I
0.6 2().8
rmtMass [GeV/cT]

< EXxcellent Agreement
For J/vp (Prob= 36%)
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events/10 MeV

X (3872) Dipion Spectrum: Belle Results

e April ‘O5—Belle Issued Fit With More Sophisticated Model:
= Include Centrifugal Barrior for Different
J/P-p Ang. Momentum (L) States:
j.e. Phase Space Factor k* — (k*)2L+1
[k* Is J/1¥-Momentum in Center-of-Mass]
e Belle Fits: [hep-ex/0505038]

12

= L =1

| L =0 Fit Prob = 28%
1L =1 Fit Prob = 0.1%

0.50 0.60 0.70 1l0.80
M(1T T7) (GeV) k*

Strongly Disfavored = X Parity Even

e Prior CDF Fit Corresponds to L =0
= Do CDF Fit With Belle's L =1 Model: CDF — 0.1% Too!
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More Sophisticated Breit-Wigner Model

e Relativistic Breit-Wigner < (Rel. Not Very Important)
e Phase Space Modified by Centrifugal Barrier

° =~ ADbsent In Belle's Model
W4V« (k*)2Lx+1 Ml p(mmn)
dm (m2,_ — 771}%)2 + m%F%(mww)
e Mass Dependent Width:

- 2L,+1 -
G P
Lp(mnr) = FﬁD <_*>
40 Marw
° (1952) Form Factors:
& R— 0 = No FFactor

R— oo=Turn-Off L

e Center-of-Mass Momenta:

q* = \/mfT7r — 4m? /2 = ® Momentum in p Center of Mass & g; = ¢*(m,)

k= /(M2 — (my + mn)?) (M% — (my — man)?)/2Mx = p(J/3) in X CoM
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J/yp Fits: With Ang.-P & Blatt-Weisskopf

e Blatt-Weisskopf Radii R; NOT Well Known
e Values Suggested From Literature: Rx = 1.0 & R, = 0.3 fm

o CDF Fits: CDF Preliminary 360 pb'1

- X(3872) - J/YriT +

N N
o O
o O

=

S
TTTTTTTTT]TTTTTTTTTTITI
| | | | |

JIP p (L=1): 7.7% prob

X(3872) yield per 20 MeV/c’
S
o

o- 1 X
Of \\\:T-‘
SO 06 08
TrtMass [GeV/cZ]
= L = 0 Is Favored. . .... But L = 1 Respectable!
e |L.arge Modeling Uncertainties. . . KoY EXxclude

AND. .. There Are Further Shape Uncertainties. . .
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X — J/¢¥w Decays

e Belle: Evidence for X — J /) ata—nl [hep-ex/0505037]

e 3mw-Mass Hugs Upper Kinematic Limit — w Just Above Limit
= Interpreted as X — J/¢ w*

e As Such, Belle Measures:

_BX 2 J/Yw) L otos

32 = B(X S J/vp)

e w — wmw Negligible: ~2% of w — 37
e BUT — Interference Effects Need NOT Be!

Crudely, Interference of Order~/B(p— 27) - B(w—27) ~13%
e Suppressing Phase-Space and Blatt-Weisskopf Factors,

Write 2w Mass Spectrum As:

vVmmply(m)K, L it g vVmmylyon(m)Bar Kyon
(m?2 — m?o) + impl'p(m) Y (m?2 — m?2) + imy,Iy,(m)
— Ap & A, Intrinsic X-Decay Amplitudes

— ¢ Relative p-w Phase
— K;'s Norm. Factors

2

NAp
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X — J/¢¥w Decays

e Describe w — 3w With Similar Breit-Wigner:
— No A, Term
— SAME A, Amplitude
- szﬂ(m) — Fw3ﬂ(m)

— T3 Adapted From SND Exp: ete™ —» w* —» wta— =0
Main Features: [Achasov PRD68 052006 (2003)]

1) Use |@L X q_|? Matrix Element
2) Describe as w — pr — i~ x
e Integrate Over Mass = Relation Between 27 & 37 Yields:

A Ay
7\ 0 p

0

Ap

(...) = Integrals over Breit-Wigners (Phase Dependent!)

= Solve for |Ay/Ap|. ..
= Compute Fraction of “Pure p,” Interference, & “Pure w"...
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Fit Dipion Spectrum: e.g. 95° Phase

& Assume Phase Entirely from p-w Mixing = ¢ ~ 95°

...LikeetTe— wtn—

D Use Belle’'s Measurement: R3/5 = 1.0 + 0.5
—> Fit:

= [ N N

o a1 o a1
o o o o o
T T T T T T[T T T T[T T TT[TTT

(o
o

X(3872) yield per 20 MeV/c’

e L. = 0 Breit-Wigner Naturally Peaks

CDF Preliminary 360 pb'l

~ L=0

Total (Prob 18.9%)

........ 71.0% p
............... 22.8% p-w Interf ((p=950)

—06 07 )
rtMass [GeV/c']

X(3872) yield per 20 MeV/c’

N
o
o

|

a1

o o
T T T T T T T[T T T T [T T TT[TT7T

=
o
o

N
a1
o

a1
o

CDF Preliminary 360 pb'l

— L=1

Total (Prob 53.3%)
,,,,,,,, 67.4% p
———— 23.9% p-w Interf (¢=95°)

- 8.7% w

! ! ! ! ! | !
0.6 0.7 ,
mtMass [GeV/c']

At High M (m)

— With Interf. Starts to Peak Too Much (Prob | 19%)
e [ = 1 Briet-Wigner Peaks Not So High in M (7)

— Interf. Makes-Up Shortfall (Prob 1 53%)

Models Can Accommodate BOTH L =0& 1

G. Bauer MIT
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CDF Fit Probability Vs. Phase:

e Use Computed Fractions = Fit Prob. as Function of ¢:

CDF Preliminary, 360 pb™

E BX -J/WW) - 1 0405 _
0= B(X - J/yp) []L=0 Fit
E R,=1.0fm .
_. 60F-R =03fm [ JL=1 Fit
S
oy h
S 40f /
2 S
£ il
10
0

0 | 100 | 200 300
Interference Phase [Degrees]

e Large Prob. for L = 0 No Matter What the Phase

e For Certain Phases L = 1 Fits Have Very High Prob.

e L =0 Prefers Small Rz — L =1 Prefers Large Rg /5

e Big Picture Insensitive Over Belle's 1o Error on Rg3 /o

— But Sensitive to Rx & Shapes of I'y,2x(m) Vs. T'y3x(m)
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X (3872) Summary: w

e X-Production At Tevatron Looks Charmonium-Like
= Charmonium? — OR At Least Large c¢c Component?
= If D-D* Molecule: Little Penalty to Produce Fragile Object!

e mwm-Mass Spectrum:

= Multipole Expansion =—> No Viable Cx =—1 Charmonia
= X — J/¢yp Fits Very Welll! =—> C'x =-+1 «Belle Now Sees J/v~!
= Model Uncertainties Allow BOTH §- & P-Wave Decays
e.g. Odd Parity States Like 1Dy (2—1) of ce
= Intrinsic Rate of X Decay to J/vp IS Suppressed (Isospin?):
B(J/vp) =~ B(J/Yw) YET p Phase-Space > w Phase-Space

e First Consideration of p-w Interference for X (3872)

= P-Wave Fits Improved by p-w Interference
= Belle's J/v w Signal Nicely Accommodated within CDF Fits
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BACKUP SLIDES
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p-Model Sensitivity:

e Key Ingredient in Breit-Wigner Is Blatt-Weisskopf Radius R;
e Commonly Used, But Not Well Constrained by Other Exp’s

e L =1 Fit Prob
Versus Rx and Phase:

Large Rx Preferred =

e Weak Effect for Ry,:

P-Wave X - J/yp Decay

Dipion Fit Probability
w
o

P-Wave X - J/yp Decay

Dipion Fit Probability

-100

CDF Preliminary 360 pb™

100
p-wPhase [Degrees]

i

< 5% Prob Contours

S\ <= Small Ry, Preferred

100

0
-100 o-w Phase [Degrees]
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Model Sensitivity: Blatt-Weiss. R, & Ry

e For ¢ = 95°
o L =1

P-Wave X J/yp Decay CDF Preliminary 360 pb™

(95 p-wPhase)

Dipion Fit Probability
w
¥

e Strong Rx Dependence
e Weak R, Dependence

—> But Big Picture Unchanged Over Broad Range of R'S
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p-Model Sensitivity: «w/p-Ratio & Phase

S-Wave X J/yp Decay CDF Preliminary 360 pb™
o L =0
>
E
@
o]
°
o
.‘L:L"
c
o
=
)
0 X0
P-wPhase [Degrees] 100 3
P-Wave X J/yp Decay CDF Preliminary 360 pb™
o L =1

Dipion Fit Probability

o-w Phase [Degrees]
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Interference Phase: 95°

e Total Phase ¢p,tq1 = |Phase at X Decay| + | p-w Phase

o If ¢Xp = @¢xXw = PTotal = ¢pw
J/y

T
X(3872)
§
X-Decay (Pxp \C>mmon TT
Phases Ox w Phase Tt
X(3872) \, - <= In Mixing Model
(& > 7 i\ Where w — 27
Is Via Virtual p
@ = P-Phase At (0-Mass
J/y
pP-Prop. ~ ! = (. 195
(Mmy—my,) +ilp/2

= Phase ~95°  [Similar to Phase in ete” — wtw~ Data]
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Fractions VVersus Phase:

e Compute Fractions as Function of ¢
e Bands Span Belle's =10 Range

2

BX 2JWW) = 3 0405
B(X -J/yp)

”iiii::::<: Pure p
=< Interf
=<— Pure w

J/yrmmComposition Fractions

|:| w Fraction

| . | . | . |
0 100 200 300
Interference Phase [Degrees]

e Not Much Different for L =0 & 1

e Fractions Are Mathematical Computation of the Model
— Nothing to Do With CDF Data!

e Data Says How Well These Fractions Work —> CDF Fits
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Dipion Mass Spectrum:

e Correct for Efficiencies =

Relative Efficiency Corrections for J/{mut

(Small Effects)
pr(J/¢Ymm) > 6 GeV
> X(3872)
n(J/$rm)| < 0.6
AR < 0.7 JE o8]
Fit Quality Cuts. .. % 4k
A B
e Obtain Dipion Spectrum <« o2}
— 1 (2S) Is Good N
_ 0.3 0.4 0.5 0.6 0.7
Reference Signal: rmtMass [GeV/c’]

CDF Il Preliminary, 360 pb'1
1000

W(2S) - /YT
— °s, Multipole Expansion ASMa . <~ Good Ag reement With

PRD 22, 1652 (1980) . .
_____ Prob =6.9% QCD Multipole Expansion
< Also With Higher Stat. BES
[BES PRD62 032002 (2000)]

800

600

PRL 35, 1 (1975)

400 X?Indf = 226/27

200

Y(2S) yield per 10 MeV/c?

.
-
.
.
.
.
.
.
.
e
-
-
-
e
-
-e

| | | | | | L

! ! ! ! | ! ! ! ! |
0.3 0.4 0.5 20.6
mmMass [GeV/c]

O ' 1
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Prompt vs B-Production:

B Non-B
° Apparent ‘“Lifetime” [7(X) = 0]
° Prompt Displaced
Details:
e Measure Displacement .
of Vertex: Lgzy B )&(\3]/8722...._ -
e “Proper Time": brm M
M /pmta) "
Cl — T -
pr(J/pmim) Neron
e Missing B-Decay Products L, “a
—> NOT True ct _______-y ---- Tt
— Don't Care! =
Primary
e Likelihood Fit: Vertex

— Fraction of Displaced X'’s

— Use Same X Sample as M-Measurement: 220 pb—1
—> +Vertexing Cuts (SVX, o(Vrtzx),...): -15%
& ¥ (2S) a Good Reference Signal. . .
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Displaced Fraction: (25)

Simultaneous M & ct Likelihood Fit: Mass Proiection:

CDF Il Preliminary +2.50 Projection Around (2S) CDF Il Preliminary

~220pb ™

- Data
—LogLikelihood Projection

o~ 1800
- o C
L W(2S) ~ J/y moT —e— Data ~220 pb ' 2600?
10° = Prompt {(2S) §4°°§
E F Long-Lived y(2S) geoop-
S Prompt Background 2°F
= 192 0 %800:—
o 10 Long-Lived Background 0600?
O - 400 (o5
m B -
L5 B 200f—
= C
i =5 ‘ P62 3‘66 3‘63
8 F
o B 1
ot T, 4
= | |

-0.1 0 0.1 0.2 0.3
Uncorrected Proper Time (cm)

Displaced «(2S)-Frac:

28.3 + 1.0 + 0.7%

= 1 (25) Mostly PROMPT
[Previously Studied: CDF PRL79, 572 (1997)]

3.‘70+ 3.72 2
J/Y 1t 1T Mass (GeV/c)
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Displaced Fraction: X (3872)

Same Procedure for X (3872)...... Use M (mm) > 500 MeV/c?. ..
CDF Il Preliminary . +2.50 Projection Around X(3872) . Mass Projection:
103 | X(3872) - J/L]J mm ‘ Data ~220 pb CDEF Il Preliminary
= ' - t X(3872 "o [ —~Data ~220pb *
e - romp . ( ) 2 F —LogLikelihood Projection
5 F B Long-Lived X(3872) Ss00
— N L
Q oL [ ] Prompt Background TaooE-
o F || Long-Lived Background 8 r 1
o C 5300
0 = 8
Q - ; O [
T K 200—
T 10 = NP g C
-g - b e 100—
CU : NN L C
@) L s N0 é)’ \ I
i, (I .80 3.85 . 3.90 2
1 H N *H * H J/g T Mass (GeV/c)
- | . |

-0.1 0 0.1 0.2 0.3
Uncorrected Proper Time (cm)

Displaced X-Frac:

16.1 4 4.9 (stat) £ 2.0 (syst)%o

= X Mostly PROMPT!
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B — X (3872)... Significance:

e Belle: KNOW B — X ... is Significant
e Now KNOW Prompt Dommates CDF Signal..

But Error on B-Fraction Not Small...16.1 + 4. 9(stat)%
— Could It “ALL"” Be Prompt?

> Naively: ~ 3.30 Null Hypothesis Excluded
> MC: 3o
> Still. .. Good to Take Direct Look at Data. ..

—> Project Likelihood for High-ct Tails:

CDF Il Preliminary  Projections of Positive ct-Tail .  CDFliPreliminary Projections of Positive ct-Tail
" - ~220pb?t] L F ¢ ot>40um ~220 pb™
L [ e ct>40um 1 >600— = ct>100 pm
Bsool. ® ct>100 pm i ’l,b(ZS) ® F 4+ ct>200pum X(3872)
D500 — H s C
= [ 4 ct>800um N S ct>500 um
N Prompt Signal <o F Prompt Signal
B 400 ----- Background o Background —+ i
) - g 8400 __ ..... T _+_
g s | Prompt et > 40p 5 ~ 3 T
5 300[— , 2 F
c [ S 300 N
O L © C
200 + | O 00 éa:.i.:.p:-_—*_'i'i';:F e e
- 2 - + +7e C N . FF'*E‘E' ———
b= —— '
100 {— , T v, 100—
T )\ * - - ety R — .
P ompt ct}lOO na '
[AephepeAphepbepac; lae] MR ARNI o AP A ] PRI T S N T SO SO SR M T! L |
964 365 366 367 368 3 69 3. 70 371 372 373 980 3.82 3.84 3.86 3. 88 3. 90 3 92
J/IY T 1T Mass (GeV/c ) J/Y T 1T Mass (GeV/c )

—> Likelihood Describes Tails Well
—> Even Visually: ~30 B-Component for X!
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