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Introduction

The nature of X(3872) is puzzling:

New narrow resonance X(3872), « new charmonium state cc?

discovered by Belle,

inB* - X(3872)K*

- J/lY mmK* decay

in August 2003 [hep-ex/0308029]:

 so-called hybrid meson ccg?
« deuteron-like “molecule” D%-D"0?

Are we opening new chapter in heavy flavor spectroscopy?
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i a) Belle data
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Belle speculated: X (3872) — J/y ' via J/yp p°?
 isospin-violating for charmonium
« if p° found O X(3872) is molecule?
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: LT e Shape of dipion mass spectrum may help to know this.
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M@ETET) - MOT) (GeVic) Purpose of our analysis:

» obtaining the dipion mass spectrum
e comparing to theoretical predictions
» understanding X (3872) properties/identity

Discovery confirmed by CDF,
DO and BaBar (in order of
appearance)
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Tevatron Collider at Fermilab: short overview
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« 36 x 36 pp bunches, 10*? (10'°) p (p) per bunch

* bunches collide every 396 ns at CM energy 1.96 TeV

e record Lingt = 10.7 x 10%! cm™ sec™

« total integrated £ = 1 fb™! (0800 pb™ on tape, 0360 pb™* used)
* high energy physics frontier until LHC turn-on
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CDF Experiment. short overview

CDF is a multi-purpose detector
Silicon Vertex Detector
» up to 8 layers of silicon __
— layers inr-@ & r-z planes Muan Detectors i S e

Central Outer Tracker (COT)
* 96 layer drift wire chamber
— axial & stereo layers
« coverage |n|=}in(tan §)| <1
e g(hit) 0150 um
“g:t) [10.15% p;
Time-of-Flight system
Calorimeters: central, wall, plug
e coverage [n]| < 3.6

Muon chambers
e coverage [n| < 1.5

Components important for analysis are highlighted in red

A. Rakitin, MIT, Thesis Defense, June 27, 2005



Data Selection

CDF Il Preliminary, 360 pb™  J/ymt p,> 6 Gevic, Inf < 0.6

» Data sample obtained via J/i trigger

1200011500 + 220 (stat.) W(2S) **
* 2 tracks with matching muon stubs <. 10000[- n T ed
« mass of "~ around J/( mass 3 B | |
. . 1 E 8000 — | 3.8 3.85 39
e Luminosity: 360 pb g 6000
« All tracks: © B » *s
S 4000 1260 + 130 (stat.) X(3872)

e 10+ axial & 10+ stereo COT hits, 3+ Si r-g hits S U S | oad oeTOeetee

* p; > 400 MeV/c - 500 Mev/c’ |

_ 0 37 88 388
* Single muons: J/ytmtMass [GeV/c]

* pt>15GeVic Upper graph: reconstructed J/y ' mm

* J/y selection: Lower graph and inset: additional cut
« pi(J/Y) >4 GeVic My > 500 MeV/c? improves signal-to-
» Vertex fit x*(u*p") < 15 noise ratio for X (3872) peak

o |m(uTp7) - m@/y)| < 60 MeVic?
« Cone around J/Y ' momentum
with both pions, AR = \/A@? + An2 < 0.7
e Vertex fit x°(J/@ m'm) < 25

Fiducial cuts for detector efficiency corrections: pi(J/yp ') > 6 GeV/c, |In(I/Yy m'm)| < 0.6
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Analysis Strategy:

Analysis performed for ((2S) first and then for X(3872)

 divide J/y sample into m; slices

o fit J/Y " mass in myy; Slices O get yield in each slice
[1 obtain m;;; spectrum

e correct my;; spectrum for detector efficiency (from Monte Carlo),
to be able to compare to other experiments

e compare corrected my;; spectrum to various theoretical
predictions
« Does X(3872) - J/y ' decay go via J/y p°?
e What is the X(3872)7?
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J/Y it mass fit in m;; slice

W(2S) X (3872)

2 2
520 MeV/c? < m,; < 530 MeV/c? 750 MeV/c? < my; < 765 MeV/c

. 2 Mass of J/yrutin m(rm) range (0.750, 0.765) Gevic?
Mass of J/yrutin m(mm) range (0.520, 0.530) GeV/c VU

350

. E_ Nw(zs) =835+38 N =0.25+0.00 N§ 250 E_NX =182+30 m,=38722+00 0,=5.0%0.0
E zzz é_ Oues) =n;¢7(2i) 33680':0:3002’: +0.00 % 200 E_ A )fff;4?5.19D:F_=03.:8:zgolzrotz);iggf/oojs
< 200 §_ A=252+006 a=038+0.11 B=289+112 w0 - E
8 == X*=76.6 DoF =75 ==> Prob =43.3% ) =
g 150 = g j0f -I-_|_+‘|' FHt f +
2 100 g ) g
LI SRS f it 8 9F
N | . | . . . X — — 4'21
6 3.7 3.8 B J/yrmtMass [GeV/c?]
J/ymmtMass [GeV/c?]
Signal: di-Gaussian with common mean Signal: single Gaussian
Mean, N,e, 0 and oy fixed Mean and width fixed by
. : 2
by fit of full sample fit of sample after m;; > 500 MeV/c“ cut

Background: A(x — Xo)? exp(—Bx)
b mr[r[ — X
 fit parameters — A, Xo, Q, B
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Dipion mass spectra

Ww(2S) X (3872)
1000 " 300
N§ 800; +++ ++ % 250;— +
% i i + § 200;—
; 600:— ++ ]l 5 150[- ++
5 400 4t 5 100 + +
S0 + = sof ++ “’ l
o 200 +F . N - +
@, L 4 % O_ I
R SIS X P+ 7
_ S0 | . . . | . . . |
%3 04 05 05 04 0.6 0.8
Tt Mass [GeV/cZ] Tt Mass [GeV/cZ]
W (2S) X (3872)
Sum of yields in each bin 11523 + 166 | 1079 + 149
Yield from full-sample mass fit | 11503 + 221 | 929 + 154
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Detector corrections

CDF detector does not find all X’s [1 need acceptance and efficiency corrections.
1. Generate MC matching data in p;, n and m; in fiducial region
e nature of X(3872) = nature of @(2S)? Cannot use p:(¢/(2S)) for X

[1 Need p¢(X) from data
e uUse S-wave my; parametrization for (2S) PRL 68, 282 (1992)

« do not know exact m;;; spectrum for X (3872)
[ bootstrap ourselves by assuming S-wave for X (3872)
e good approximation, no need to iterate further
e assign systematic uncertainty for it

2. Calculate ratio of m;; spectra before and after detector

3. Use this ratio to correct data
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Step 1: Generation of MC matching data

Make sure MC p; and n match data by iterations:

A. Rakitin, MIT, Thesis Defense, June 27, 2005

Input — flat p¢-n distribution

fiducial cuts: p; > 6 GeV/c, |[n|<0.6

events go through MC simulation of detector, trigger and
reconstruction

output p¢-n distribution — detector efficiency curve

multiply input p; by ratio data/output [ corrected p;

presume corrected n to be flat in fiducial region

use corrected p;-n distribution as input for next MC iteration
stop when iterations converge

they converge after first one L1 corrected p; = true px



Getting p; for @(2S) and X(3872) from data

Same slicing technique: F o btof W(2S)
e Divide sample into p; slices N —— pt of X(3872)
o Fit (2S) or X(3872) mass § o %
in each slice S Jf’m%
o Plot ¢(2S) and X(3872) yields ~ «f oy
Versus py —— e
pt, GeV/c
[ same p; spectra for X(3872)
and (2S) within uncertainties. S e
oot
If X(3872) is a fragile molecule, ; :
one might not expect them to be
the same e pt,sléewc |
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Getting corrected p; of X(3872)

Upper left: X(3872) p; from data Upper right: Detector efficiency curve
(MC output from flat p;-n input)
pt spectrum for X(3872), data Efficiency curve for X(3872), MC, S-wave m,,
C 900 E— 0
250 - 800 E—
S awf g o
8 C & e00fE o
T 150 = s00f
8 . s E HOH
- E - 400 o
2 100 - H%—« £ 30f o
C E o
C 200 -
50 |- g E o
r 100E- o
AR o * w I EE T B S B B B
10 20 30 10 20 30
pt, GeV/c pt, GeV/c
True pt spectrum for X(3872), S-wave m__ True pt spectrum for X(3872), S-wave m__
SFE — Quadratic fit 1 — Quadratic fit
F X’Indf = 1.4/6, prob 96.7% X’Indf = 1.4/6, prob 96.7%
25K p, =105 p, =105
o a, =-0.428+0.038 10'1 a, =-0.428+0.038
8 2 C a, =-0.000 + 0.007 g a, =-0.000 + 0.007
o 3 B .2
0 E o 10
— 15 —
g F S 10°
o 1+ o
£ - ¢ 10
05F
C . 10°
0OF ' Pt =
E A I B R 10'6...|....|....|...
10 20 30 10 20 30
pt, GeV/c pt, GeV/c

Lower plots: X (3872) p; from data divided by eff. curve [ fit with exp(ag + aipt + azp?)
a; = 0428 + 0.038, a, = 0.000 = 0.007
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Data-MC match for p;

X (3872)

Y(2S)

pt of Y(2S), data-MC match

eV/c
o
il
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yield per 1 G
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o
a1

HOH

—e— Data, sliced
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: ++ —e— Monte Carlo (S-wave)
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Step 2: Obtain detector corrections
X (3872)

Y(2S)

m, for Y(2S), S-wave
x10°

=35
1200 s C(mg) -- m_ spectrum before detector i
L Z(mm) -- m,, spectrum after detector ]
1000; —— Ratio: before/after (scale on right-hand side)ig'0
s Fit with quadratic polynomial &(m,) :
= I X’IN = 42.7/56 5
o 800 Prob =90.5 % T
2 i i
L4 i -0
S oo RN
— | ‘ ey ad. A i
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80000

70000

£ 60000

30000

Number of entries per b
S
o
o
o

20000

10000

.L\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\I\\

o

A
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Z(mm) -- m,, spectrum after detector 7—35
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1.8
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* Relatively flat efficiency corrections for high m; (region of interest)

» Flatter for X (3872) than for ((2S)
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Y(2S) yield per 10 MeV/c’

Y(2S) yield per 10 MeV/c®
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Step 3: Apply corrections

W(2S)

+
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efficiency %
corrections %+ %
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No visible shape difference — detector efficiency corrections are almost negligible
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Data-MC match for m; spectrum for (2S)

Compare S-wave my; parametri-
zation for (2S) Monte Carlo
to corrected data — see reason-

able match

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Systematics

For i-th my;; slice N-°" = N9 x ¢;
Systematics on yields N"™:
 signal shape description
* background shape description

Systematics on detector efficiency corrections ¢

* My; Spectrum parametrization
(unknown true shape for X(3872))

* p; Spectrum parametrization
(large errors on p; spectrum from data)

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Systematics on yields

change signal or background description

compare nominal and changed yields for each m;; slice
plot yield differences versus m,;; — see if there is a trend
If no apparent trend:

» calculate mean v, RMS 6 and sample variance o, = N9_1
e systematics cannot be determined better than v = g,

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Systematics on yields

Example: count # of entries in peak
* plot Neounted — Nfitted
 ignore first four slices with no ¢(2S) yield
» systematics smaller than 1.1 £ 2.7
e [J use 2.7 cand. as upper limit

Another example: shift N, by £ 10
e uniform [2.7% relative change in yield
no change in shape O discard it

systematic uncertainty is small

A. Rakitin, MIT, Thesis Defense, June 27, 2005

Y(2S) yield difference

Fractional y(2S) yield difference

Yield diff due to signal shape change (count minus nominal fit)
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-20
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—meanv =11, rms 6 =13.0, sample variance g, = 2.7

| T ]
i *TTH#TLHHHHM%

L 1 L
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TmMass [GeVic ]

Yield difference due to Y(2S) rel.norm shift
V.20

0.2
0.15
0.1
0.05
0
-0.05
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-0.15
-0.2
-0.25

]

|

L 1 L L L L Il L L L L Il L L L L 1
0.3 0.4 0.5 ) 0.6
Tt Mass [GeV/cT]

total @(2S) yield syst. = 2.7 I similarly obtained bkg. syst. 2.4 [1 3.6 cand.
same thing for X(3872) 1 total X(3872) yield systematics is 8.4 cand.
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High m;;; masses — special treatment

Normally fix ¢/(2S) mass & width,
but could let them float [
Both quite flat, except for last few slices:
e smearing at m;;; kinematic limit
» peak is close to background turn-on

[ Let ¢(2S) mass and width float
for last two slices
Similar problems for X (3872):
» use different combinations
of fixed/floating mass and width
[ Let X(3872) width float
for last three slices
o difficult for fit to determine turn-on
[1 constrain from lower m; slices

A. Rakitin, MIT, Thesis Defense, June 27, 2005

Y(2S) mass, GeVic’

Y(2S) narrow width, GeVic®
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Special systematics for high m;; masses

Due to special treatment, use special syst. variations, in addition to regular ones:
e turn-on parameter Xq shift by + 1o

fit range change by + 50 MeV/c?

fix Y(2S) mass, and (2S) and X (3872) width

let X(3872) mass float

asymmetric Gaussian to fit the very last point for ((2S)

Compare yield variations with respect to nominal yields [J derive systematics:

N;2st=2 = 182 + 30(stat.) 12(syst.)
Ny2st~1 = 35 + 15(stat.)*3, (syst.)
N;2st = 10 # 9(stat.)*5(syst.)
Noos) = 292 + 43(stat.) 55(syst.)
Nios) = 99 + 16(stat.) 35(syst.)
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Example — syst. on 2" to last X (3872) slice

MasschfUJ/mein m () range (0.765, 0.770) Gevic’

- Ny=35+15 m,=38722+00 o0,=51%17

__ A 1.88+0.11 a=0.50+0.12 B 668 1.53
F1000*(x, - 3.7) = 165341 OOOO )( =37.7 DoF =35

100

80

60

40

Candidates / 5.0 MeV/c®

20
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—39 ' 4'21
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Mass&fuJ/me'rin m (1) range (0.765, 0.770) Gevic’

o 100 - N,=38+15 m,=38722+00 0,=5.6%0.0

> E A=179+0.10 a=041+0.12 B=5.82+152

E 80 [ x*=36.8 DoF =36 ==> Prob = 44.0%

0 C

g 60 -

= C

- ittty
g 20 -

© o

oE

a1
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MasschfUJ/mein m () range (0.765, 0.770) Gevic’

Y 100 E Ny=14%12 m,=38722+0.0 0,=3.0%46
e T A=284:011 a=038+0.08 B=476+0.86
= 80 - X’ =44.6 DOF =45 ==> Prob = 49.4%
o —
ol C +
s by g
E o f
: “F T }
ER T H
< 20
© -
oE

—39 ' ' 4'21
J/yrmt Mass [GeV/cT)
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Nominal fit: Ny =35 + 15

X (3872) width shifted by +10:
Nyx =38+ 15
(largest yield increase)

Fit range +50 MeV/c?:
Ny =14 + 12
(largest yield decrease)
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Systematics

For i-th my; slice NF°™ = N/ x &
Systematics on yields N™V:

 signal shape description
e background shape description

Systematics on detector efficiency corrections ¢

* My; Spectrum parametrization
(unknown true shape for X(3872))

* p; Spectrum parametrization
(large errors on p; spectrum from data)

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Systematics from m;; shape for X(3872)

Big change of nominal (S-wave) m;; spectrum: phase-space (Same for (2S))

m,, for X(3872), S-wave m,, for X(3872), Phase-Space
80000 &  &(my) -- my, spectrum before detector i 4000 0: s {(m,)--m,_ spectrum before detector 30
B Z(mm) -- m_, spectrum after detector 7—35 B Z(mm) -- m_, spectrum after detector 1
70000 ; —«— Ratio: before/after (scale on right-hand side) | 35000/ —=— Ratio: before/after (scale on right-hand side)*25
IR Fit with quadratic polynomial §(m_,) i30 E -------- Fit with quadratic polynomial §(m_,) g
£ 60000 2N = 72.1/91 1 5 30000 XN = 82.3/91 1 .
g f Prob = 92.8 % o5 3 - Prob = 73.2 % 20 3
g 500001 15 9 25000} 1 S
= - . o = i - ()
= B 0 = c - 1. E
2 40000}~ l ﬁ 1< 2 200001 oI
° - S ° B 1>
8 B ‘ vy ‘o s 155 8 B L8 9 i =
£ 30000f-[1 || | MT{ Hr# L ey | & £ 15000[ | 4 1 &
> i m Y > g@"# o s 1o
- g e £ s o = T 2
20000} W A ! 10000 & 5
L e I A i
[ s £ s
10000} K 5000/ :
N 1 N .-
B ] 5 |
0 TNV s ol e A A e s T NN o 70 07 e MR (U T N N M AN S I o 70
0.3 0.4 0.5 0.6 0.7 0.8 0.3 0.4 0.5 0.6 0.7 0.8
2 2
Tt Mass [GeV/cT] Tt Mass [GeV/cT]
Nominal (S-wave) det. eff. corr. curve Phase-space det. eff. corr. curve
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Systematics from m;; shape for X(3872)

. s _ phase-
Curve comparison Ratio Y™ (M) = BE=Pece

1.2 =

0.99

o
o)

0.98

o
o))
|

...............................................................................................................................................

0.97

Correction curves:

| ——— X(3872) - S-wave, £(m,,)

Inverse detector efficiency
Inv. eff. corr. ratio€ >(m,)/&(m,,) for X(3872)

0.4 i
I X(3872) - phase-space, EPS(me) 0.96 B
0.2 i
0.95
B ‘ ‘ ‘ ‘ ‘I\\\\‘\\\\‘\\\:\‘\\\\l\\\
0 0.3 0.4 0.5 0.6 0.7
0 0.2 0.4 0.6 0.8 1 )
(M - 2M)m, . TotMass, GeV/c

We will include ratio y~>(my;) into theoretical fit
to see general effect on m;; shape
(described later)

Efficiency corrections
not very sensitive

to m;;; shape
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Systematics from p; shape for X(3872)

parametrize p; shape as exp(ap + a1p; + azptz)

shift a; up and down by one sigma

generate new MC with shifted a;

get “shifted” efficiency correction curves, divide them by nominal one

< 1.02

N~

3

T

SO et SO

E i

= 0.98-

;E :

s o9 i pt "+1 std. dev."

S - nominal pt

g 0.94 - . pt "-1 std. dev."

o - nominal pt

(.? -

¢ 092f

E 1 1 1 1 | 1 1 1 1 | 1 1 1 E 1 | 1 1 1 1 | 1 1 1
0.3 0.4 0.5 0.6 0.7

rrtMass [GeV/cZ]

« include ratio function y*?(m;,) into theoretical fit to see general effect on m,; shape
[1 same thing for (2S)
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Include detector eff. corr. into x?

Naive and simple

> Ni& =T\ °
e = 2 ( a(N)E
* N; £ g(N;) —raw yield in i-th point

» ¢ — nominal detector efficiency correction function (integrated over i-th bin)
» T; —theoretical function (integrated over i-th bin)

Include m; and p; systematics (i.e. yipS and yiﬂ“ ratio functions) into x? with floating coefficients

a and b:

2

. N; & [1 +a(ys - 1)] [1 +b(y9 - 1)] - T, ) <a_—0>2 ) <B>2
o(N)& [L+a(fS - 1)] [1+b(yF - 1)] 1 1

a = 0 — nominal (S-wave) m; parametrization & (M)
a = 1 — changed (phase-space) m,;; parametrization &°°(m )
b — similar for p; shape

Last two terms: a and b are expected to have central value of O and standard deviation of 1
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Theory models for (y(2S) + prior expt. data

W(2S) is well studied both theoretically and experimentally:
* lots of theoretical models for m; spectrum shape - use them to fit data
» large BES data sample (23k ((2S)) available - compare with our fits

Model

Short description

Yan, [PRD22 1652 (1980)]

Multipole Expansion of QCD Lagrangian:

— for 3S; charmonium state
— for 3S; state with higher-order corection

Voloshin-Zakharov [PRL45, 688 (1980)]

Chiral limit m; = 0 plus phen. term )\m72T

Novikov-Shifman [Z.Phys.C8, 43 (1981)]

Elaborate VZ model

Brown-Cahn [PRL35, 1 (1975)]

Neglect chiral symmetry breaking,
no strong angular correlations

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Theoretical fits for (2S)

CDF Il Preliminary, 360 pb'1

1000 o
o~ L
o - W(2S) - Iyttt BES data
> - —‘Q’Sl Multipole Expansion, higher-order corr
v 800 | (prob = 6.9%) .
= [ PRD 22, 1652 (1980) [PRD62, 032002 (2000)]:
o | = --381 Multipole Expansion, no higher-order corr :
:I 600 ~  (prob =6.0%) 6000 -
e} - PRD 22, 1652 (1980) I
o | — Voloshin - Zakharov (prob = 3.4%) 5000 |-
T 400} PRL45,688 (1980)
K - - - -Novikov - Shifman (prob = 10.3%) " 4000
= i Z.Phys.C8, 43 (1981) o} b
a—)\ 2001 Brown - Cahn I
al | PRL 35,1 (1975) o |
o -
9- — 1000 ;
O l | I | | | | | | | | | | | | | | . | E
0.3 0.4 0.5 0.6

T 1T Mass (GeV/c?)

rmiMass [GeV/c]
o first four models describe the data well
 Brown — Cahn model does not work so well,
because it neglects term correspponding to
angular correlations between pions

A. Rakitin, MIT, Thesis Defense, June 27, 2005 28



Fit results for @(2S)

Each model has a fit parameter:

X2INDF = 35/26
CL = 10.3%

X?INDF = 55/45
CL = 14.6%

Model CDF fit Result from BES Diff.
Yan B/A =-0.342 £ 0.022 B/A =-0.336 + 0.009 £ 0.019 | 0.20
33, -state with X?/INDF = 37/26 X?/INDF = 60/45
higher-order corr. CL =6.9% CL=6.4%
Yan B/A =-0.245 £ 0.011 |B/A =-0.225 + 0.004 £ 0.028 | 0.70
33, -state without X°INDF = 38/26 X°INDF = 84/45
higher-order corr. CL =6.0% CL =0.02%
Voloshin-Zakharov A =434 +£0.15 A =435+0.06+0.17 0.040

X2INDF = 41/26 X?/INDF = 69/45

CL = 3.4% CL=1.0%

Novikov-Shifman K =0.189 = 0.007 K =0.186 + 0.003 £ 0.006 0.30

Brown-Cahn

X2INDF = 226/27

CDF consistent with BES within 0.7 o for all fits

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Which models to use for X(3872)?

Consider JFC of dipion system in X(3872) - J/y " decay.
For pions S =0 O for dipion P = C = (-1)- = (-1)'. Two states possible:

0™ dipion:

e isospin| =0 [0 good for charmonium assignment

« charmonium: Yan model for °S;, 'P; and °D; decaying into 3S; m'm
(multipole expansion)

17 dipion:
e isospin | =1 [0 isospin breaking if charmonium
Note: virtual coupling to D°D™ may “bypass” isospin conservation
 decay must proceed via J/yp°
 use Breit-Wigner modified by 3-body J/ " phase space,

(mmrMZ)2+r2/4 x (Phase - Space)

A. Rakitin, MIT, Thesis Defense, June 27, 2005 30



Theoretical fits for X(3872)

CDF Il Preliminary, 360 pb™

~ -
o 250 X(3872) - J/YTT
%) - —— J/Y p: prob = 36.1% "+
= 200 ... J/Y Tt Phase-Space
o -
N N i - =.
. 150F Multipole Expansions for cc:
8_ E ------ iFS)l: pgob =27.7%
O 100 — 1 X
Q -
S - T et LA e
~ S0 e O
AN L .o TR UL LA G R R P
(IB - ".‘-‘-‘_“,"_"-'::l'” ..................
Y B
X T
50C | | |

! ! ! ! ! I
0.4 0.6 20.8
ot Mass [GeV/c]

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Charmonium options for X(3872)

0™ dipion: Multipole Expansion predictions
for Sy, P4, °D12 5 (Yan):
« compatible with °S;, but no viable 3S; candidate
available
« incompatible with *P1 or °D1 5 5

17" dipion: J/@wp® model: Breit-Wigner x PS
« compatible with J/y p°

Three candidates can be excluded:
« 2°Pyand 2 °P,: X(3872) was not seen in yy fusion
« 31S,: too heavy, must be close to 33S; = (4040)

Two viable charmonium candidates remain:
1'D, and 2°P; — both decay into J/y ' with
Isospin violation

A. Rakitin, MIT, Thesis Defense, June 27, 2005

Dipion J PC Compa-

n 25+l ;pc| Known indecay | tible

Into with

Jiym'm | data?

115, nc(1S) 17"
135,— Iy o+t
1P +- he(1P) ot
13Pg++ | Xco(1P) 17"
13P 4+ | Xc1(1P) 17~
3P4+ | Xc2(1P) 17"
1 1D2—+ 1 Yes
1°D;— | w(@B770) ot
13D, ot No
13D5— o+t No
215+ nc(2S) 17"
235, W(2S) 0**
2P+ 0 No
2 3PO++ 1 Yes
23P 4+ 17" Yes
2 3P4+ 17 Yes
31Sy-+ 17 Yes
335, | w(4040) ot
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Exotic options for X(3872)

Most popular non-charmonium option for
X (3872) is a D%-D™ “molecule”.

100

Example: Swanson model [PLB588, 189 (2004)] — 80 |
mixture of D°-D™°, J/y w, J/yY p°, D*-DY

60

P(¢q) (%)

40

For different dipion JP¢:
0™ dipion

20

0
0

* no predictions for m;; spectrum shape
Relative

17" dipion
« decay proceeds via J/y p°
[J compatible with data

A. Rakitin, MIT, Thesis Defense, June 27, 2005

Eg (MeV)

contribution of each

component versus binding energy
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C-parity of X(3872)

Whatever X(3872) is, 17 dipion implies C-positive X(3872):

o compatible with CDF data
e supported by recent Belle’s observations
of X(3872) - J/Y wand X(3872) - J/IYyy

Events/bin

3736 3928 4120
M(yJ/Q) (MeV)

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Conclusion:

measured dipion mass spectrum in X(3872) - J/y 't decay
good agreement for m; spectrum shape for ¢(2S) with large data sample
from BES
M Spectrum shape for X (3872):
« compatible with C-negative 3S;-state (no viable 3S;-state available)
 compatible with C-positive J/@p® hypothesis
e positive C-parity consistent with Belle’s observations
of X(3872) - J/Y wand X(3872) - J/Yyy

X (3872) nature from my; spectrum shape:

 charmonium: 1D, or 2 3P4, with isospin violating decay to J/
» could be exotics, such as D°-D™ molecule

 exotic interpretation: new chapter in heavy flavor spectroscopy?

A. Rakitin, MIT, Thesis Defense, June 27, 2005 35
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12000

10000

8000

6000

4000

Candidates / 5 MeV/c?

2000

CDF Il Preliminary, 360 pb™

J/ymut p, > 6 GeVic, |n| < 0.6

|
¢

J

Al

— 11500 + 220 (stat.) W(2S)

-a®

3500

3000

2500

- A

() > 500 MeV/c®
| | | I

|
| v 1260 + 130 (stat.) X(3872)

3 |

O OO
- 1, Y

OO~

M(Tm) < 500 MeV/c”
| | | | | |

A. Rakitin, MIT, Thesis Defense, June 27, 2005

3.8

3.9

J/yrmtMass [GeV/cZ:
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Getting corrected p; of Y(2S)

Upper left: @(2S) p; from data

Yield per 1 GeV/c

pt spectrum for Q(2S), data

2200 F
2000
1800
1600
1400
1200
1000

800

600

400

200
ot v 1Ly el !

&R

10 20 30
pt, GeVl/c

True pt spectrum for Y(2S), S-wave m,

Yield per 1 GeV/c

1.2 Quadratic fit
L X2ndf = 7.2/8, prob 51.5%
- P, =103
1+ a, =-0.489 + 0.006
C a, =0.009 + 0.001
08|
0.6
04F
0.2
L 1 ] ——
0 10 20 =30
pt, GeVl/c

Upper right: Detector efficiency curve
(MC output from flat p¢-n input)

Efficiency curve for Y(2S), MC, S-wave m,

22000
20000
18000

1
LI

16000
14000
12000
10000
8000
6000
4000

Yield per 1 GeV/c

2000
oB v v 1

pt, GeV/c

True pt spectrum for Y(2S), S-wave m,,

T R
10 20 30

1 Quadratic fit
X?Indf = 7.2/8, prob 51.5%
10'1 p, =103

a,=-0.489 * 0.006
a, =0.009 0,001

-2
10
10°

10"

Yield per 1 GeV/c

5
10

-6 X X X X X X X X X X X L X X X
10 10 20 30

pt, GeV/c

Lower plots: X(3872) p; from data divided by eff. curve 1 Parametrized with

a; = 0489 + 0.008, a, = 0.009 + 0.001
A. Rakitin, MIT, Thesis Defense, June 27, 2005

2
@aotaipi+azpy

38



P(2S) mass fit with different bkg. model

Mass of J/ymtin m(mm) range (0.520, 0.530) GeVic?
. Nyps = 82840 N, =0.25+0.00
% M es) =3686.0+ 0.0

2 G5 =27 £0.0 0, =3.03+0.00
& x?=55.6 DoF =58

9] Prob =56.6%

o

1%

j

©

=4

o

€ PRI LA SR N SR 1

8 T T T P +++++++++++++H+++ﬁ

— 38 —
J/IyrotMass [GeV/c']

Residual plot of the fit above
O
4 E-
3 ——
o 2
:o [
5 0 LFH erﬂﬂ Jll
o) = U] IR
S I T
>
z 2 E-
3 E
/) =
<
J/yrmtMass [GeV/c']
Pull distribution of the plot above

= m=0.000+0.124
0=0.97+0.09

=
KR R R AR AR AR L L

P 7
(Nhis( - Nfit)/cfil

A. Rakitin, MIT, Thesis Defense, June 27, 2005

520 MeV/c? < M, < 530 MeV/c?

Diff. bkg: polynomial instead of
A(X —Xo)” exp(—fx)

High-side

bkg

defines

shape

Ny(2s)

fit prob

Nominal fit
Diff. bkg fit:

835 + 38
828 + 40

43.3%
56.6%
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P(2S) mass fit with different bkg. model

Yield diff due to background shape change
ou

° 40
o
c
2
o 20
ES
°
o] 0
=
o
o -20
=

-40

Yield diff due to skipping first few points
oV —

40
30
20
10

0

-10

-20

-30

-40

-50

Y(2S) yield difference

mean v = -0.498, rms 6 = 9.555, sample variance g, = 2.085

I|III|IIIIII|III|II
__*_
.__*—.
__*_
"
:

l Y
- T

b4
p—l.—'
—

— 0.3 0.4 05 .
Tt Mass [GeV/c™]

06

Full circles - start fit at higher mass

Tt Mass [GeV/cZ]

A. Rakitin, MIT, Thesis Defense, June 27, 2005

E-  v=-0.5080=6.781,0,=2045

3 b

g 'y <4

E Hb o SV

= B

E b1

£ !

E Open circles - start fit at lower mass

E v =0.643,0=7.932, g, = 2.392

E 1 n n n n 1 n n n n 1 n n 1
0.3 0.4 0.5 0.6

* Use polynomial bkg. instead of
A(X = Xo)" exp(—px)
* Plot Naiff bkg. — Nnormal
e Can’t claim syst. smaller 0.498 + 2.085
e [J use 2.1 cand. as systematics

» Another bkg variation: add/skip a few points
near background turn-on
[J use 2.4 cand. as systematics

Use 2.4 as (2S) bkg syst
Use 3.6 as total /(2S) yield systematics
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X (3872) mass fit with different signal model

Yield diff due to signal shape change (count minus nominal fit)

60
3 40
S
& 20
ES 0
z
° -20
>
’g -40
[oe}
) -60
X
-80
-100

mean v =-2.072, rms 6 = 15.496, sample variance ¢, = 4.900

|
|

0.2 ' ' ' 0.6 ' ' '2 0.8
mt Mass [GeV/c]

Yield difference due to X(3872) mass shift
1

3 08 E Full circles - shift by 1 std. dev. ﬁp, v =-0.015,6=0.033, 0, = 0.012
@ T E Open circles - shift by 1 std. dev. down,v = 0.002, 6 = 0.030, ¢, = 0.011
3 0.6 —
5 g
o 0.4 == —
[ -
S 0.2 ==
N 0F
3 E
M -0.2 =
= 0.4
o -
S 0.6 —
S E
s -0.8 —
0.4 )
Tt Mass [GeV/c]
Yield difference due to X(3872) width shift
L
3 08 E Full circles - shift by 1 std. dev. up, v =0.052, 6=10.031, g, = 0.012
§ “E Open circles - shift by 1 std. dev. down,v =-0.072, 6 = 0.036, ¢, = 0.014
2 0.6
; 0.4
] E
S 0.2 —
= - —d
~ - -
5 0F A%
) 02F =P~
X 0.2 —
] 0.4
2 -
= 0.6
© =
T 0.8 .
0.4 0.6

Tt Mass [GeV/cz]

A. Rakitin, MIT, Thesis Defense, June 27, 2005

First five slices have no X(3872) yield
[1 ignore them (smaller points)

e Count # of entries in peak

* Plot Ncounted — Nitted

* No apparent systematic trend

e Can’t claim syst. smaller -2.072 + 4.900
* Use 4.9 cand. as systematics

o Shift X(3872) mass by = 10
* [11.5% relative change in yield
* Discard it

o Shift X(3872) widthby £ 10
o [17.2% relative change in yield
* Discard it

Use 4.9 as X(3872) signal syst

41



X (3872) mass fit with different bkg. model

Yield diff due to background shape change

Use polynomial bkg. instead of
A(X = Xo)" exp(—px)

_—__JH:.J[- l JH Plot Nyt bkg. = Nnormal

Can't claim syst. smaller 3.740 + 6.843
[J 6.8 cand. as systematics

80 mean v = 3.740, rms 6 = 18.106, sample variance g, = 6.843
60
40
20

0

-20
-40
-60
-80

|
|

—_—
[ ]

X(3872) yield difference

—
—
—

[ ] [ ]

1 . . . ] . . . 1
0.4 0.6 0.8

Yield diff due to skipping first few points
oV —

Full circles - start fit at higher mass
v =-4.157,06=8.398, 0, = 4.199 l

40
30
20
10
0
-10
-20
-30
-40
-50

3t Add/skip a few points near turn-on
[ 6.3 cand. as systematics

Use 6.8 as X(3872) bkg syst
Use 8.4 as total X(3872) systematics

X(3872) yield difference

Open circles - start fit at lower mass
v =-5.935,0=12.607, 0, = 6.304

R A L L
%
t

1 . . . I . . 1
0.4 0.6 0.8

Tt Mass [GeV/cZ]
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Systematics from m,;; shape for (2S)

Estimate this uncertainty by comparing S-wave to phase-space

m, for Y(2S), S-wave

x10° 5
1200} A {(mg) -- m_ spectrum before detector i
L Z(mm) -- M, spectrum after detector i
1000; —e— Ratio: before/after (scale on right-hand side)i30
nnt Fit with quadratic polynomial §(m_) |
= [ X’IN = 42.7/56 5
5 8001 Prob = 90.5 % 1 =
o - N e
k4 - 20 §
& 6004 TN NS
© B IR **z** ¥3°* +"””‘36" whege o 1N S
= - | '+'?""++° e 10
a M f o oh I =
E 400/ U ) Hﬁ' | | &
2 nill IH A * 10
- AA -
200}t 1
| A )
- AAAA .
: AAAAAAA :
0 | l ! AV\MA(AA‘AA‘AA\ i ‘ I [} ‘ i i I Y O O ‘ | || il
03 035 04 045 05 055 0.6

Tt Mass [GeV/cZ]

Nominal (S-wave) det. eff. corr. curve

A. Rakitin, MIT, Thesis Defense, June 27, 2005

m,; for Y(2S), Phase-Space

C =35
i A (M, -- M, spectrum before detector i
60000 B Z(mm) -- m_, spectrum after detector :30
| —— Ratio: before/after (scale on right-hand side)i
50000 [ Fit with quadratic polynomial §(m_;) ]
= i 2Ny — —25
S . X*IN = 56.6/56 1™
S I Prob = 45.8 % 1 =
& 40000 .. 5
2 i 20
= i . O
GC) i " AAAAAAAAAAAAAAAAM I 5
' 30000~ 45 4 sibitheey R T TS
5 | i et 10
o i ‘AA‘:,-Q. “a T =
g s & “;Xz‘?" *r AAA | g
2 20000}, " s o
| AA A —
| & AT
N |
10000;" & g
- s ]
0 B | i | 11 1 ‘ | 111 ‘ I 111 ‘ I 111 ‘ | 111 ‘ | 4 70

03 035 04 045 05 055 06
2
Tt Mass [GeV/cT]

Phase-space det. eff. corr. curve
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Systematics from m,;; shape for (2S)

1.2

Inverse efficiency
o o
(o)) (0]

o
~

0.2

Curve comparison

Correction curves:

. Y(2S) - S-wave, &(Myy)

oo Y(2S) - phase-space, E(PS)(mm)

0 0.2 0.4 0.6 0.8

(M- 2My/m

Efficiency corrections

1

max

not very sensitive to m;; shape

A. Rakitin, MIT, Thesis Defense, June 27, 2005

Curve ratio: phase-space/S-wave

1.04

1.02

Inv. eff. corr. ratioEPS(mm)/E(mm) for Y(2S)

Half max-min dist. = 1.47%

TrtMass, GeV/c?

We will include ratio function into theoretical fit
to see general effect on m,;; shape
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Syst. from p; shape for (2S)- input for MC

Efficiency curve for (2S), MC, S-wave m_,

pt spectrum for Y(2S), data

2200
2000
1800
1600
1400
1200
1000
800
600
400
200

Yield per 1 GeV/c

o B

00

1 1

0

10 20 30
pt, GeV/c

True pt spectrum for (2S), S-wave m_

1.2

0.8

0.6

0.4

Yield per 1 GeV/c

0.2

— Quadratic fit
x%Indf = 7.2/8, prob 51.5%
p,=10.3
a,=-0.489 + 0.006
a,=0.009 + 0.001
...... Shift by 1 std. dev. up: a = -0.485
= = = Shift by 1 std. dev. down: a, = -0.493

P Y

1 1 i N 1 N
10 20 - 30
pt, GeV/c

A. Rakitin, MIT, Thesis Defense, June 27, 2005

Yield per 1 GeV/c
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8000
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— (=}
- 'x]
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True pt spectrum for Y(2S), S-wave m_,

Yield per 1 GeV/c
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— Quadratic fit
x?Indf = 7.2/8, prob 51.5%
P, =10.3
a, =-0.489 + 0.006
a,=0.009 + 0.001
...... Shift by 1 std. dev. up: a, =-0.485
= = = Shift by 1 std. dev. down: a, = -0.493

L L L L L L L L L I L
10 20 30
pt, GeV/c
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Yield per 1 GeV/c

Syst. from p; shape for X — input for MC

pt spectrum for X(3872), data
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e e
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True pt spectrum for X(3872), S-wave m_,

Yield per 1 GeV/c

3

— Quadratic fit
x%Indf = 1.4/6, prob 96.6%
p,=10.5
a, =-0.427+ 0.038
a, =-0.000 + 0.007
...... Shift by 1 std. dev. up: a = -0.395

:_ = = = Shift by 1 std. dev. down: a, = -0.459
: 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
10 20 30
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A. Rakitin, MIT, Thesis Defense, June 27, 2005

Efficiency curve for X(3872), MC, S-wave m,;,
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Systematics from p; shape for (2S)

1.08

pt "+1 std. dev."
nominal pt

------- Half max-min dist. = 0.51%

1.06

pt "-1 std. dev."
nominal pt

-------------- Half max-min dist. = 1.40%

1.04

10I|III|III

..............................................................................................................................................

Inv. eff. corr. ratioéﬂc(mm)lé(mm) for P(2S)

1.02
1:“ el S e
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CDF Il Preliminary, 360 pb™

1000 — .
o - W(2S) - J/yrT
%J 800 :— — 381 Multipole Expansion
E i PRD 22, 1652 (1980)
— 600 Prob = 6.9%
L B
Q L
S 400
2 -
> B
n 200
\N/ -
= B
0 e |

03 04

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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0.5 20.6
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CDF Il Preliminary, 360 pb™

1000 N
> 800
= i PRD 22, 1652 (1980)
8 - Prob = 6.9%
- 600 [ e Brown - Cahn
S - PRL 35, 1 (1975)
% 400 :_ X°/ndf = 226/27
2 I
o 200
= L e

0 L - AR

— 381 Multipole Expansion &) """

A. Rakitin, MIT, Thesis Defense, June 27, 2005

! | ! I
0.4 0.5 20.6
ot Mass [GeV/c]
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CDF Il Preliminary, 360 pb™*

Model

X (3872) Fit

Yan: PRD22 1652 (1980)

S 35 (higher-order corr.) B/A = —-0.584 +0.111
= x2/NDF =17/14
S | Yan: PRD22 1652 (1980) CL = 27.7%

S 2 —
4 2/NDF = 127/15
_8_ = | Kuang et al.: PRD37 1210 (1988)
= °D x?/NDF =76/15
=

J/vrm Phase-Space (PS)

Y2/NDF = 102/15

X (3872) — J/vp
(Breit-Wigner x PS)

X2/NDF = 16/15
CL = 36.1%

A. Rakitin, MIT, Thesis Defense, June 27, 2005
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Systematics on third to last X(3872) slice

Nominal fit
Nx =182 £ 30

X(3872) width -10
Nx =166 + 29

“Projected” turn-on
Ny =197 + 28

Masss%.l/qnmin m(mm) range (0.750, 0.765) Gevic? Masso%.]/\urmm m(rm) range (0.750, 0.765) Gevic®

Masso%.]/\urmm m(mm) range (0.750, 0.765) Gevic?

% F N=182430 m,=38722400 0,=50%00 %0 sp . Nc=197%28 m,=38722200 5.0£0.0 ~ F N=166+29 m, =38722500 0,=4.4+0.0
S 0 p=553:019 a=048:007, B=531075 s E-A=572£016 a=056+005, B=6.03+0.67 S B0 A-s549+021 46+0.08 B=5.11%0.94
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Systematics on last X(3872) slice
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