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CERN

Why B spectroscopy?

We are not looking for New Physics (but may find
subtle discrepancy...)

Standard Model is extraordinary. Deserves
thorough elucidation.

B-quark discovered in 1977. Wealth of b-mesons is
found. Only one b-baryon well established so far.

Effective theories derived from QCD needed for
dynamical understanding: HQET

®* m,my,m, >> Aycp >> m, my, m; = Heavy Quark Symmetry
HQET extensively tested for Qg systems;
interesting to check predictions for (Qqqg systems
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What’s new?

m Observation of otbitally excited B, ™
mesons

B Observation and mass measurement of
B.—>]J/Vm
m Search for n, — J/4 J/d

m Observation of new beauty batyons Zbi<*>
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Tevatron
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® Excellent performance of Tevatron in last years
# Record Instantaneous luminosity > 2x10%? cm s
® Now: delivered JLdt=1.8 fb-!

® Good for b-physics on tape JLdt=1.3 b
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The CDF II detector

44< r <132 cm, |z | <155 cm
In| = 1.0 30k channels

90icm long, |7 = 2.0

too = 1.5=1.6 cm
25000 /300 /- 100" EHiz
P 01551 IL1: COT tracks
vettex t-@ ~ 30/ pm 5 -z ~ 80 m IL2: silicon tracks
J/dimass ~14:MeV//c dead time < 5%
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B physics (@ Tevatron

Compared to e*e” experiments on Y (4S) or Z°

m Pro:

= pp — bb x-section is >1000 times larger (~10 ub )

m All species of b-hadrons: not just Bt/BY also B.’, B_, A,°
m Contro:

® QCD background X10° larger than G(bb)
= multiple interactions, large combinatorics.

m Collision rate ~1.7 MHz => tape writing limit ~100 Hz

g b g b

b & b
q>m< m EB WB
q b g b q q_g %g

Flavor creation Flavor creation

(annihilation) (eluon fusion) Flavor excitation Gluon splitting
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B physics @ CDPF: triggers are crucial

CDF Run Il Preliminary Lint=1 b’

primary ||

vertex

isplaced vertex

Events per 20 MeV/c’

Trigger configurations:
m Di-muon ¥ invariant temass [GeV/ed]
m Lepton plus displaced track

m 2 displaced tracks

L=123+7pb”

N = 92600 + 340

Events/1.0 MeVic?

BCHARM

trigger!

First of its kind to trigger on fully
hadronic b/cidecays TEE o To—Te2

Kn Mass [GeV/c’]
CERN - October 31, 2006 E.Vataga - Latest results on b-spectroscopy from CDF




B_. and A, mass measurements

PRL 96, 202001 2006 220 pb !

Delphi Delphi

Aleph Aleph
53686 £t56+1.5 5614. £ 21.+ 4.

Opal CDF
. 5621.0+ 4.0+ 3.0

CDF CDF Il (this)
5369.9+23+1.3 5619.7 +12+1.2

CDF Il (this) o
5366.01 + 0.73 £ 0.33

World World
average 53696 +24 average 5624.0+9.0

5575 5600 5 50 5675
M(A,

better precision than the current world overage!
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A, Lifetime

0 A0
Ap=> Iy A CDF Il Preliminary 1.0 b CDF Il Preliminary 1.0 b

- Data - Data
Signal
— Bkg

Signal
— Bkg
— Signal+Bkg 1 — Signal+Bkg

Entries / 5.0 MeV/c
Entries f 40um

ct=477.6+24.2 um

|/
5.65 57 -2000 -1000 0
pppt mass (GeV) Proper Decay Length (um)

® Measured with fully reconstructed A, = J/w A decay
m 542 A, candidates
m World best T(A,) measurement !

T(/\g)) 1.593 __I_g.‘ggg(stat) + 0.02(syst) ps

(AD)/7(BY) 1.037 + 0.058 (7(B°) from World Average
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A, Lifetime vs theory

- AS precise as previous
A, Lifetime Measurements

T/ Tppps 05 06 07 08 09 1 114 1.2 W()]_’ld average
ALEPH A, | 1.18 22+ 0.03

(91-95)

ALEPH A° I'T 1.30 24 0.04 3.1 o different though!

021 —
[91-95) 0.z

OPAL A 1.29 0244 0.06

(90-85)

World Average
(without this result NLO

H (C.Tarantino et al.,
hep-ph/0203089)

DELPHI A, | 1.11 2+ 0.05

018 —
(91-85)

CDF A | 1.32+ 0.15+ 0.06

(92-85)

DO Jiy A° 1.22 *9224 0.04

il [l -0.18 —
250 pb (02-04)

CDF Prelim J/y A° e 1.59+ 0.08 £ 0.03
1 b {02-08)

04 06 08 1 1.2 14 16 1.8 2 2.2
A, lifetime [ps]

0
0.650.70.750.80.850.90.95 1

T (Np) /T (Bg)nLo
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Observation of orbitally
excited (L=1) B,"" mesons
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Orbitally Excited B,; Mesons

i, J& B Decay Width

1/2 0+ B, BK Broad (S-wave)

1/2 1* B, B*K Broad (S-wave)

3/2 1+ B, B'K Narrow (D-wave)

*

3/2 2t B, BK,B’K Narrow (D-wave)

‘B —B*y, where y is undetected

-Shift of possible B,,’, B, peaks by
AM(B™ - B") = 45.78 MeV/c? (see PDG)

*Two channels: B*—J/yK, B*—Dx
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B* sample: ~58 000!

CDF Run 2 Preliminary 1.0 fo™ CDF Run 2 Preliminary 1.0 o
| 27200+ 200 B* 4

—
o
o
o

© 31000+ 300 B* §

B'— JAy K"

Candidates per 1.25 MeV/c?
(o)}
S

530 535 520 525 5830 535
M(J/y K*) [GeV/c?] M(D =+) [GeV/c]

Use Neural Network to optimize both B and B,
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Orbitally Excited B_-mesons

le

1o signals:

—
._6
c
Y]
O

CDF Run 2 Preliminary 1.0 fb
—B'K
B*K*
— Signal
— Background

0.05 0.10 0.15 0.20
M(B"K)-M(B")-M(K) [GeV/c]

u B S already seen by OPAL, DEILPHI and DO

- le

CERN - October 31, 2006

—> fitst observation!
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Discovery of B,

CDF Run 2 Preliminary 1.0 fb™

> Ni(B7_,) =194.8 1 23.4(stat)
> N(B.q) = 36:4 & 9.0(stat)

Value in data

P=valuertiom oy MG =251 0=7

40 60
-2In(LyL)

o

syst) + 0.6 (PDG) MeV/c

582041 + 0.21 (stat) + 0.14 (s;
syst) £ 0.5(PDG) MeV/ o2

[
[

5839.64 £+ 0.39 (stat) £+ 0.14
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Observation of B, > J/y m
and mass measurement of B_
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B*—>J/¢nat
(c)

m B_is not produced at B factories ) (

. Observed in Semileptonic mOde N{Bu): 11400 £ 100

1000 [~M(Bu): 5278.8 + 0.1
G:12.5+0.1 MeV/c?

B Full reconstruction allows

for precise mass measurement

i
2
=

5]}
=
0
o
I
a
c
@
=
L

® New analysis
m Tune selection on B*— J/y K*
= After approval, “open box”.

m Wait for significant excess

M(J iy K (GeVic?)

m Measure properties of the Bc
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B*—>]/)nt

CDF2 Preliminary Challenges
S theoretical
0.8 . .

predictions

HHHHHHH
il PR PR

_ ”
- (mw + m&_). 2

m potential models
e lattice QCD

v potential NRQCD
— CDF
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i

61001

1.1 23] [171 [24]1 [25] [26]

N(B,) = 45.249.4, S/B = 7.5

Ll Il
Illllllll

: nm_- nnn
||||||||I||||||T|||||||ITI}IU||-|||J|

6.25 6.35 6.45 6.15 6.25 6.35 6.45

CC

Mass(Jiyn) GeV/c”

m(B_) = 6276.5 + 4.0 (stat) + 2.7(syst) MeV/c?
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Search forn, —> J/d J/¢
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Introduction

m Spin-singlet bb bound state The Bottomonium system

B o(pp —> N, X ) ~ ub level at

Tevatron energy scale

m [arge uncertainty on decay
branching fraction:
= BR(M,—J/y]/y—>pppp) ~1077==
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Search for n,—J/v]/wv

m Exclusive search from CDF Runl and LEP [ DELPHI

44+8648 ch. tracksa
B [nclusive search from CLLEO
(Y(nS} >ngy;hg >Ny

= No significant evidence yet.

11

Run 1 SV¥X J /¢ — uy Dota
W,,, GeV

CDF Praliminary Iipd< 1.5 Gav/c

i

& chorged i

pa

‘; 1
'-:;.. 1
2 4
@ 55
5ooa
£ 25
E 2

5

B
m_l

Run I history (80 pb):
a7 events obsetved/ 1.8 backgt. (2.2 G)
u Upper limit 18 pb
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Results

m Expected 3.6 bkg events;
observe 3 events o (PP =75 X)-Brigy >3y ly) _, S

s Set upper limit for a(pp —>b— J/yX)
production cross section

-
N

CDF Il Preliminary 1.1 o™

Ny, (n,) 20MeV
®» o

Entries / 10MeV

9.5 10 - 9

4
Jiwydfy Mass (GeV) 1, mass (GeV)

o(pp = m X ly(m)| < 0.6,pr(ns) > 3GeV)- Br{n, = J/J[y) - [Br{J /i) = up)]" < 2.6 pb
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Observation of new beauty
baryons X

http://www.fnal.gov/pub/presspass/press_releases/sigma-b-baryon.html

CERN - October 31, 2006 E.Vataga - Latest results on b-spectroscopy from CDF

24



Bottom Baryon States with B=1,C=0,J* = 1/2*, 3/2*

Quark

Notation content

JP

(|v|3)

Mass

b[ud]

1/2*

(0.0)

5619.7+1.2+1.2 MeV

p[su]

psd]
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3/72*
3/2*
3/72*
3/2+

E.Vataga

1.1)
(1,0)
1,-1)
(1/2,1/2)
(1/2,-1/2)
(0,0)

Do o ©
D |d
< |I<

Mass predictions from hep-ph/9406359
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(0 0)
H
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=
D
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Predictions on X, /X +()
properties

2 property Expected val. (MeV/c?)

. e 32
J"'lh T 1.'2= I

=TT

m(Z,) — m(A,) 180)= 210 i

Pion Transitions

. 58
m(%, )~ m(Z,") 517
r (Zb) ) F (Zb*) = 8 ) = 15 |:"[‘::l’:::l]‘z:.nti:‘:"-,-'n‘nrr'n |:J'{‘::l'::l}z‘i'_-.frn m
= NRQCDyHOBT Strong decay with =
» Potential models emission:
> 1/N_expansions Zb — Ab T

» Lattice QCD calculations
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1-trk vertex

CERN - October 31, 2006

Methodology

Trigger tracks Decay. chain:

Abo_) AC+n_

A+

C

— p K

-+

E.Vataga - Latest results on b-spectroscopy from CDF
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Strategy

Optimize: Ay Vi

Check 1o possini

I »)

rom otner S

_(MC)

=
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Discriminating variable

m Search for narrow resonances in
B Q=mA71)-mA)- m(T)
m Blinded region 0.03<Q<0.10 GeV/c?
m Work with 2 distributions
(expect m(Z, )> m(Z, ))
= Same Charge (SC):
Eb'(*) —>Ab0 T oA TT (+cc)
® Opposite charge (OC):
Zb+(*) —>A,DO n —>A wn (+cc)
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Expected background

2 p signal region B meson bkg

(expect two narrow (possible peaks
states) from B**, D*...?77?77)

_ _ A p hadronization
Combinatorial + Underlying Event

background (dominant bkg)
(under control)
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Ab SaIIlp le Largest in
the World!

— Ay AL Ah — Z_n, Comb. Bkgnd.

Reflections -=== A, semileptonic + other
= B semileptonic + other

==== A, and B 4-track decays

— Ap— A K IN (Ab) 50 7o
N (B) 101%
comb 456

Combinatorial background

6.5 7
m(A; ) GeV/c?

[ signallisegion: [5.565, 5.670]
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2, optimization

Cut are optimized with signal region blinded.
Signal 1s taken from PYTHIA

Background 1s taken from the sidebands.

Optimization is done maximizing FOM g(S),/VB

No cut on py (Ty) Cut Value
P (%) >19.5GeV./c
cross-check on
D* D07 included in AU/C(EO)NRUEIN=S
systematic cos 0% (my) > -0.35

CERN - October 31, 2006
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Background Composition

m(A,)€ [5.8, 7.0]
) T o 9

Dominzzni within B

B meson

reflections Inclusive 2Gen negligibic

negligibic
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Corrections to MC samples

PYTHIA ¥, —A, 7

Do not expect perfect
description for b-baryons
— experimental data are
limited

¥ prob:0.00 %

tlpron: 81.75% ™ ¥ allprob:96.22%
consl= 1,721 0.05 = consl= 1.00%0.05
zlope = -0.34120.041 25 zlope = 0.00310.033

Needs reweighting
m P2y
m P (soft m)

Included in systematic

Figue 19: Data-MC companson of track prbefore (left) and after [nght}
rewelghting for track pr .
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F1tt1ng background

% fN = 8.7/ 53=0.16
Fit PrDh 100%

£n
o
T

#*M = 12,51 53 =10.24

Fit Prob. = 100%

2N, = 2.3/ 53 =004
FtPrDb = 100%

na (73] £
[=] o [=]
TT T LT T[T TT T [TTT

Candidates /(10 MeVi/c’ )
=)

Candidates/ (10 MeVi/c? )
Candidates/ (10 MeVic? )

%My = 8.7/ 53=0.16
Fit Prob. = 100%

Mg, = 2.3/ 53 =004
Fit Prob. = 100%

%My, = 5.6/ 53=0.11
Fit Prob. = 100%

(43
(=]
T ™

-y
[=]
TTTTT

[u%] (73]
[=] o
TTT T T TT

Candidates / ( 10 MeV/c?)

Candidates / (10 MeV/c?)

—_—
o~
=
[~}
=
o
—
—
—
S
]
=
=
c
1]
o

01 02 03 0 "05 o 0.1 0.2 .
Q m(A%r) - m(Ag) m(m) (GeWc) Q = m(A%x) - m(AD) - m(m) (GeWc)

Combinatorial B mesons

alternative fit shapes in systematics
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Candidates / ( 10 Me\llcz) Candidates /(10 Me\h’cz)
= 0N ow & oo R

Candidates / (10 Me\h’cz) Candidates/ (10 Me\lfcz)
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Detector resolution and signal width

B [Hstimated detector resolution

from MC generating signal with
0 natural width ~ 2 MeV /c?

m Cross-check on D* D't (MC)
m [(2,) is predicted by HQET:

I [MeV/c]

-_ 20 30 40 50 60 70 80 90 200
Q=M(A_,7n)-M(A_,)-M(r) [MeV/c']

f,=ga/ tr; g4 = 0.750.05

hep-ph/9406359
® Dominated by natural width

=0 Projections / (5 MeVic")

0.15

Q (GeV/cH)
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Sum of Background Fits

CDFE Il Preliminary, L = 1.1 fb"
——Total Bkg
——A Ha + UE Bkg

——B Ha + UE Bkg
——Combinatorial Bkg

B Smooth background
shape in signal window

N
L
>
@]
=
O
L
)
o
0
o)
c
=
]
C
S
O

—Total Bkg
——A? Ha + UE Bkg

—sHa:UEBkg | m [ixed fit parameters
before opening the box

|
0.2 0.3 0.4 0.5

Q - m(AOR) - m(A) - m, (GeV/c?)
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Unblinded Q distribution

Né?_ —Total Bkg Significant
() —"s Ha + UE Bkg excess in both
= — B Ha + UE Bkg .. .
10 distributions!
)
o
0
0
5
o Sample | Data | Bkg Ex. ~ss
S
Q
SC 416 268
—Total Bkyg
— A Ha + UE Bkg 0)0 406 298

—B Ha + UE Bkg

Naive SN(S+B)~9 o

Q = m(A%T) - m(A) - m,  (GeV/icY)
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Fitting the signal

B Simultaneous unbinned NI.L . i, Lo =%
_/% + * S —_— ola |
ﬁF fqr b(?th 2, /% 0 :
distributions 5
m Background frozen S
m 4 pf.:aks:. | 5% N\
Breit-Wigner ® Gaussians — Total Fi
. — %aikgggfn
m ['(Z) = function (Q) \ B

m 7 Floating parameters:
= Num of events in 4 peaks: N ()

= Q(y)and Q (2y)
m Common parameter Q(Z.} Q)
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Fit: values and errors

Parameter Value Errots

Q (Z,) [MeV/c?] 55.9 -0.96, +0.99
Q () [MeV/c? 48.4 -2.29, +2.02
N (Z,) 60 -13.8, +14.8
N .5 29 -11.6, +12.4
N, ) 74 -17.4, 18.2
NE, ) 74 -16.3, 17.2
Q(E,)-QE,) [MeV/c?]  21.3 -1.94, 2.03
NLL -24553.5

CERN - October 31, 2006

E.Vataga - Latest results on b-spectroscopy from CDF

41



Signal significance

m Naive: 9c

m P value calculation: > 56 (not enough I, .
Toy MC) | ‘no peak fit

m FEvaluate Likelihood Ratio for different | L 4 peak fit
hypothesis:

I T I

CERN - October 31, 2006 E.Vataga - Latest results on b-spectroscopy from CDF

4 peaks are 2.6 x10® more
likely then ne peak at all

=»Background fluctuation is
statistically excluded

= Hypothesis with 4 peaks in
the most favorable




Summary

B We observe four AL resonant states 240
events in total

m The significance of the signal > 56
m The signal is consistent with the lowest lying
¥ £(*)
. states
m We measure Q values:

o m(Z;)-m(A) -m(m) = 55,9710 (stat) +0.1 (syst) MeV//c?

o m(EZ)-m(AY) - m(m) = 48.4723 (star) +0.1 (syst) MeV/c?

e m(Z;7)-mE,) =mE;")-mE}) = 1"erg (stat) ¥ +“‘1 > (syst) MeV/c 2

CERN - October 31, 2006 E.Vataga - Latest results on b-spectroscopy from CDF
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Plans

m [ncrease statistics by
A %> A_ T from different triggers (~1000)
m A %— J/d A~ 500)
[ AbO_) AC+ 3TC

m Measure Am = M2, ) — M(Z,) for “+” and “-”
separately

B Measure widths

CERN - October 31, 2006 E.Vataga - Latest results on b-spectroscopy from CDF
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Conclusions

B CDF makes fundamental contributions in b-
spectroscopy

m Performing the world most precise
measurements of A, B. B, B* B’ masses
® Discovering new particles:
o Zbi(*) —A T
= B,—>BK
= B >J/dn
® Setting new limits:

=, —>J/0 )/
® And all these with only THE FIRST fb!!
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+(*
2 ® masses

m Using m(A,) = 5619.7%1.2(stat) =1.2(syst)

m(Z;) = ::Hlﬁ+1‘ (stat) £1.7 (syst) MeV/c’

m(E}) = :ﬂﬂﬂ+;~3 (stat) +1.7 (syst) NIEVI,I"E"

m(Z; ") =5837+$] (stat) £1.7 (syst) MeV/c?
m(Z;+) = 5829+18 (stat) £1.7 (syst) MeV/c?
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Systematic Errors

Parameter  Tracking A, Comp A, Norm. A,Shape  reweight Det. Res. X, width  Total

2, Q 0.06 0.00 0.009 0.000 0.04 0.0 0.009
(Mev/c?) -006 -0.03 -0.002 -0.011 -0.0004 -0.011 -0.005

' Q 0.06 0.03 0.013 0.013 0.0 0.0 0.01
(Mev/c?) -0.06 00 -0.013 0.0 -0.11 -0.014 -0.02

-2, Q 0.06 0.05 0.14 0.04 0.32 0.02 0.07

(Mev/c?) -0.06 0.0 -0.13 0.00 0.0 0.0 -0.07

2, events 0.0 0.7 2.2 0.3 N 0.3 34
0.0 0.0 -2.2 0.0 0.0 -3.4

Z," events 0.0 3.3 2.1 1.2 - 0.3 1.8
0.0 0.0 -2.1 0.0 . 0.0 -2.0

Z," events 0.0 0.4 4.8 0.3 0.1 1.7
0.0 00 -47 0.0 : 0.0 -17

2, events 0.0 7.3 4.8 2.8 : 0.2 0.8
0.0 00 -48 0.0 : 00 -038




2, Motivation

s A, only established B baryon

m Enough statistics at Tevatron to
probe other heavy baryons

m Next accessible baryons:
2,: b{qq}, 4 = u,d;
S-wave ‘———2

% = 3/2*(Z,")

D-wave

NH
O
S
>
Q
O,
o,
7
(©
S

J7 = Sq * 8¢
= 1/2* (3, )

m HQET extensively tested for Qq systems;

% property | Expected values (MeV/c”) interesting to check predictions for Qqq
m(%,) - m(A}) 180 — 210

" : . systems
m(27) - m(2) DSl = Baryon spectroscopy also tests Lattice

m(¥; ) - m(3; 5 -
(2) E b QCD and potential quark models
F(Eg—,), F(Eb) "V8; ~15 d2-spectroscopy from CDF 50
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Fit: correlation coeff.

e L [ [ 3 15 [ [ 5 [e ]

1 000 0175 0014 | 0114 | 0018
2 EE' events ().298S 0.156 000 | -0.080 | 0005 | -0241 | 0.006
3 Eg Q 0.175 0.060 | 1.000 | -0.028 | 0001 | -0.012

4 E,gf events 0.1787 0014 | 0005 | -0028 | 1000 | -0000 [ -0.162

5 E:;_ events | U 0.114 | -0.2¢ 0001 | -0.000 [ 1.000 | -0.000

6 ul_; T events | 0.19252 | -0.018 D006 | -0012 | -0.162 | -0.000 1.000

TL-LQ -0.246 | 0.084 0.057 | -0.002 | 0.074

2, peak is small — relies on Z_*- ¥, to determine it's mean value
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2, N-1 scan

P,[E,]hCquluel E‘SIQnITlcancetcutvaluel w0 o+ cul valus |
T .

F W L)
1zf ne - Y
4 aviitne LLELa S S ELEL L
SIITIITTITITL) o.. ] .'- "luuuuuuunn
L ]
\ 2l .

npddiday

15 snet?®t” ey
ER}
3z InpE #
10
H

28

2.4
22
20
1.8

THT
i0

TN T N [N T TN Y T A T T T TN [N T S N T A
H i0 15 20 Cutvale
Cuivahe

Crtvale

o

PT (Zb) > 9.5 GeV/c |d0/c(d0) | < 3. cos 0x >
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Why b baryons?

B quark discovered in 1977
Wealth of b- nasons is found
Only one b baryon well established so far

Finding and studying b lryons
completes tests of SM

m,,my,m, >> Aqep >> m,, my, m; = Heavy Quark Symmetry
Masses and decay rates test HQET

HQET extensively tested for (Jg systems; interesting to
check predictions for OJgqg systems

CERN - October 31, 2006 E.Vataga - Latest results on b-spectroscopy from CDF

Systematic expansion of QCD: Heavy Quark Eff. Theory:
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B, mass measurement

Delphi

Aleph

Opal

CDF

CDF Il (this)

World
average

53686+56+15

53699+23+13

[
5366.01 £0.73 +0.33

5369.6+24

5340 5360 5380

M(B

CERN - October 31, 2006

[MeV]

CDF Run Il Preliminary

N{Bs)=184.6112.5
Fit Prob: 75.0%

o
Q
S
>
@
=
0
(]
et
c
@
-
L

4
ol ) wd’ il A b ik
5.10 515 5.20 5.25 5.30 5.35 5.40 5.45 5.50 5.55 5.60

B, candidate mass [GeV/c 2]

bettet precision than the
cutrent wotld overage!
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A, mass measurements

CDF Run Il Preliminary 220 pb'1

N(A,)=88.6 £10.3
Fit Prob: 23.3%

Events/6 MeVic 2

5.5 5.6 5.7

2
A, candidate mass [GeV/c ]

5614. + 21. = 4.

5621.0+4.0x+ 3.0

CDF Il (this)
5619.7 +1.2+12

5624.0 9.0
5575 5600 5625 5650 5675
M(A,) IMeV]

CERN - October 31, 2006

m Observed A, decays:
= Ay J/O A
s A > AT

s A AWy,

bettet precision than the

current wotld overage!

PRL 96, 202001 2006
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