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Introduction

Heavy Quark mesons are QCD analog of "nhydrogen atom"
— Starts to be very sensitive test of various model in

—

—

non-perturbative regime of QCD
Lot of information in charm sector
Bottom sector starts to speak up as well

Heavy Quark baryon are next interesting laboratory

—

—

—

—

Heavy quark - light diquark is basic picture
Another sensitive test of models
Still many things to observe in charm sector

In bottom sector only A, directly seen up to recently

Discovery of new particles is exciting and fun

Good practice for future discoveries

HADRONO7, Frascati M. Kreps
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B, — J/ym

» Contains two distinct heavy quarks
» Interesting for interplay of the two heavy quark in decays
» Up to recently only seen in semileptonic decays
= bad mass measurement with uncertainty ~ 400 MeV/c?
» In May 2006, observation of 0 corseumm
decay B, — J/y7in 1.1 fo~?
— Fully reconstructed decay
= (Good mass resolution

1000

Entries per 2.5 MeV/c?

o Strategy
s Derive selection on :
B — J /YK~ !
s Apply same cuts to : :
Be — J /o N
. Wait for enough data e
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40 T

B, — J/ym

Update from 1.1 fb—! to 2.2 fb~*:
Ne =874+13 (was45+9)

M(B.) = 6274.1 + 3.2(stat) + 2.6(sys)
Significance > 8o

(was > 60)

Mass consistent with expectation

Experiment much better than theory

CDF2 Preliminary 2.2
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B* and B* Mesons
» Spin of heavy quark and light quark decoupled

s ForL =1lightquark hasj;=1/2orj, =3/2

» Combining with spin of heavy quark = four states in two
doublets

T —~ 6.0
— S-wave decay for jo =1/2 R Y S R
> -
— D-wave decay for j; = 3/2 59 =0 =1
yforjg =3/ S fro ot T 1 2
» Expect to see only states Qo B, B, B By
with jq = 3/2 =57 T
» At Tevatron also missing ~ s.6[ SwWavers oo
from B* decay 5.5 Dwave T
» B* analogous to B** with saf
K Instead of 7 in decay ssb B
» B* — Bsm decay forbidden e b Bug

by isospin
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DES B** and B* Mesons

s Decay modes of B* s Combine B* with 7= (K ™)
. Bt — J/yK* (CDF, D@) to form B** (BS™)

. B* = D% (CDF) » EXpect to see three peaks

0 from decays
r B+ — D 37T+ (CDF, Only B**) ' Bl N B*+7T_

» Only fully reconstructed B” . B} - B*r
= excellent mass resolution _
o B>2l< — B*+7T

CDF Il Preliminary L =1.3fb* .
F CDF 1l Preliminary L=13fb

N

& E —0 —0 e
> 45001 B'-DnD - K “o 1600 | o
@ : m S ; B*. D3 D - K
E 4000 2 14001
5 3500 Ng+~237300 g 1200 Ng+~210200
& 3000 o : L7000 DO, L=1.3 fb’*
@ F » 1000 >
< 2500 % 2 60001
2 g 800F S canaE ~
= 2000F % s gsooo NB+ ~23300
% 1500F S 60084 £ 4000
© 500; © h Ij>j3000
1000; 400 5
5005 200 82000_
= e " - E 1000
Ok PR R R N AT RO SO A SN S SR RN A O L T T R el b et et o~ 2o > L | l l - :
5.0 52 S'io 5.6 25'8 5.0 5.2 Sfo 5.6 25'8 05" 51 52 53 54 55 ":}é . 5.7“2
M (D ) (GeV/c’) M (D 31) (GeV/cY) M7y K (GeVic?)
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DO B,
CDF B,

B Results

5839.1+ 1.4 + 1.5 MeV/c?
5839.0 + 0.4 + 0.5 MeV/c?

CDF Bg; 5829.4+0.2+0.6 MeV/c?

All observed peaks above 5¢ significance
= First observation of narrow BZ*

D@ Runll Preliminary, 1 fb

!

[ mcB"SB*r + ‘ + ++
| t £l
: AlF

1

+
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0.15
M(B*K)-M(B*)-M(K') (GeV/c?)
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CDF Run 2 Preliminary 1.0 fb*
O A .
% 40+ —B'K
= 350 B'K”
Lo ; -
:]i 30k ﬁ Signal
. — Background
(0]
o
7p]

Il Il | Il Il Il Il | Il Il Il Il | Il Il Il Il
0.05 0.10 0.15 0.20
M(B'K)-M(B")-M(K) [GeV/c]
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D5 B** Results

B; CDF 5739.9*%% *9° MeV/c?
D@ 5746.8+2.4+ 1.7 MeV/c?

B; CDF 5725.3'18 *08 MeV/c?
D@ 5720.6 + 2.4 i 1.4 MeV/c?

CDF also measures (B3) = 22.173% *3° MeV

CDF Il Preliminary L~15fb"
No - NQ 200 :_ Total Fit
S r DO, L=1.3 fb™ S 1801 i
L 250 (] - .~ BT
= b =160} B, - B
= ook "2 140f
Z 200 Sk
2 - Q.120}
c - wn C
$ 1501~ £ 100}
- S 80f
© - S CF
- 100 % 60F
) ¢ S Tk
= 40[
E 50 ol
zZ K
ar "‘ L]l | ! | | | | | | | | | |
83025 0.3 035 04 045 05 055 0.6 065 07 0 02 04 06 08 10

M(B*m) - M(B") (GeV/cd) Q = m(Bm) - m(B) - m, (GeV/c?)

HADRONO7, Frascati M. Kreps Heavy quark spectroscopy at Tevatron — p. 8



DO D, (2536) Mass Measurement

o Measure

» Clean sample of
Ds1(2536) — D*~K?

» Observe 43.8 4+ 8.3 signal
events

» Measured mass
2535.7 0.6+ 0.5 I\/IeV/c:2

s B(Bs — Dg1(2536)urX) =
(0.86+0.16+0.13+0.09)%

HADRONO7, Frascati M. Kreps

Events/1.5 MeV

D@ Run Il Preliminary
) 100001 * Data
K Background
....... D’ signal

—_ Fit function

5000

Candidates per 0.33 MeV

”ﬁ,.“‘. ‘ ‘
0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.17
M(D)-M(D") [GeV]

20
- D@ Run Il Preliminary
i Data
L 1 Background
........ D,,(2536) signal
i —— Fit function
10? | |
SRR .||r|||||-|||||”“| | |$|II||”!
TR P T

..
2.5 252 254 256 258 2.6 262 2.64
Invariant Mass of D* K [GeV]
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E](j): — /\bﬂ":

» Up to recently A, only directly observed b-baryon
» Lack of the experimental result mainly due to the statistics

» Tevatron experiments start to have enough statistics to
search for other b-baryons

» Decay via p-wave w — 3/2% (5})
Spibagg  JP = Sg + sqq
— 1/2" ()
¥ uub . _ .
s~ ddb perty Expectation (MeV/c?)
<00 b M(Zp) — M(A) 180 — 210
i m(X; ) — m(zb) 10 — 40
ficult at Tevatron F(Zb) F(Z ) ~ 8, ~ 15
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Egk): . /\87T::

— - : +_— A+ — _+
CDF Il Preliminary, L = 1.1 fb™* 9 /\b — /\C’]T . /\C — pK 7

S0 | [Tren o= s With 1.1fb* around

?10005 — B semileptonic + other 3200 Ap = worlds

L L B largest sample

s 0 » For ¥, search select nar-

§ row region around fully
I reconstructed peak
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>, Q-distribution

CDE Il Preliminary, L = 1.1 fo”

. N& N —Tota
» Fixed background before > sof- l - -
looking to signal region = b b B Ha+ UE Bkg
h - ’ ——Combinatorial Bkg
» Excess after unblinding 2 F + + + +
n N || ,
QO B J
Data bkg excess & by BT IR T N :..:'.H ool
Yo7 416 268 148 3 i Weiadis e b
] lv'/
y"* 406 298 108 & - ]
» Data indicate two peaks for  *F | . e UE Bl
each charge wof- " B Ha + UEBkg
N ——Combinatorial Bkg
» Do unbinned maximum s Ui +
likelihood fit ol """';--"!".!
i g Wiy :'“i!n-" .
s Fit for Q values and num- oY : 4 """
ber of events % o1 oz 03 04 0.5

Q = m(A%m) - m(A) - m,, (GeVic?)
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(+)£

Zb
— m(x,) — M(Ap) — m(m) =
55.9 + 1.0 + 0.2 MeV/c2

— M) — mAp) — m(r) =
48.5%%° *92 MeV/c?

— M(xp) —m(xp) =

21.2121'_09 ioo'dé MeV /c?

— /\bﬂ" Result
., CDEll Preliminary, L =1.1 fb"  Fit Prob. = 81%
§ : — Total Fit
o O — Background
= F — % o AT
O 40 D
R 5 o AT
O N
Q. 3F +
o OF
g 2f ] ||L| }
20 ‘ r .
E - )r IN I Il ! l ."
O B [
S 10 l | N 'll.\,
S [
5 ity

— N(Zf) =32+ 50-
— N(Z,) =59"%, of-
R N(Z*+) — 77+17 +10 301
— N(Z;_) - 6911187 1156 "
— Significance more than 5¢ %_

HADRONO7, Frascati

M. Kreps

— Total Fit
— Background
— I - N
f‘ — " o N
ii; ILI_I| + Il
+ e o ‘" \
} + % :“l D& 'I \
0. 02 0.3 0.4 0.5
Q= m(/\gro -m(A) - m;, (GeVic?)
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What do we know about=;,

» Quark content bsu(=P)/bsd (=)

» Weak decay dominated by the b quark decay
» EXxpect lifetime comparable to other b-hadrons

» LEP experiments measure 7 = 1.39*%3} ps from excess
In =17y X events
» Theory expectations for mass in the range 5788-5812
MeV /c?
» Possible decays useful for search

s —p — J /1= - good for trigger, at Tevatron only access to
charged one

I Eb — Ecﬂ-
o Eb — D/\
o Eb — AcKﬂ-
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Decay topology of=, — J/¢E~

Full decay chain:
= — J/lﬁE_
= — Anm

N — pm

» =" Is charged long lived particle
= challenges to work with it

s At DO low efficiency of
default software 7 veRTEX 2

s At CDF vertexting software
needed modifications

» In addition, can be tracked in sili-
con detector (CDF) e

HADRONO7, Frascati M. Kreps

Tt
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=, — I/

» Both experiments have

p—
o]
e

search

| CDF Run Il Preliminary |

3000}

2000

clear == signal

& — candidates are com-
bined with J /¢ to form =
candidates

o Selection

Candidates / 1 MeV/c?

1000}-

yield=23,500+340 ]
M=(1,321.37+0.04)MeV/c*

1.29 130 131 132 133 134 135 136 137

s Main selection by momenta,
vertexing quality and decay time

s D@ develops selection based on
wrong-sign data and signal MC

» CDF reuse B* selection for B,
search with == treated as track

HADRONO7, Frascati

M. Kreps

Events/(0.002 GeV)

M(ATT) [GeV/c)]
D@, 1.3 b ()
400 { right-sign
- —— wrong-sign
300" iy
200F
\ \ \

1.28

1.3 132 134 1.36

M(AT) [GeV]

Heavy quark spectroscopy at Tevatron — p. 16



D = — J/YE" Result

M(Z,) D@ 5774+11+ 15 MeV/c?
CDF 57929+ 254+ 1.7 MeV/c?

CDF 17.5+423 < | (a) D@, 1.3fb™
significance D@ 5.5¢ O |
LO

CDF V.70 Q| _I Data
| CDF Run Il Preliminary | | ~1.9fp! 9/ R | Eit
é L L E 6* E
3 yield=17.5+4.3 E S | .L
3 M=(5,792.9+2.5)MeV/c? i . :

Candidates / (15 MeV/cZ)

(@) = N w S ol o ~ (o]
= TTTT]

NNy ZFHFHﬂW

54 56 I 60 62 64 5.5 6.5 7

5.8 ) 6 __ ...
MJ/y=) [GeVic?] M(=,) [GeV]
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w

» DO made extensive check

with no signal in

s Wrong-sign Ax
combinations

s =  Sidebands

» J /v sidebands
» CDF has signal also In
decay =, 0

o DO lifetime distribution

consistent with expectation

= Signal consistent with =~ —

J /v=" decay

HADRONO7, Frascati

=, — J/YE~ Cross-checks

| CDF Run Il Preliminary |

)

N al- —

S

S

ﬁ 3+ ]

3

S il

s 1M N

s Tl HE
Y R 58 T a—

M(=c1) [GeVic’]

z 14 D@, 1.3 fb*

S 12

S 104 4 Datasignal

e S5 ] LR Data sideband

% 61 —— MC signal + data bkgd

C |

°>3 a4

w2 :l I, ._l_. ._1_.

M. Kreps

oII

ol

[ S Mo M A
0.2 0.3 0.4 0.5
Proper decay length (cm)
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Conclusions

» Last year and half very productive in heavy quark
spectroscopy

» For b-mesons
» Observation of narrow BZ*

s Updates of B** analyzes with first measurement of the
[(B3)

» For b-baryons
» Observation of charged >, >

s Observation of =

» Both Tevatron experiments contribute to this enormous
Increase of knowledge

» Personal believe, that we can still provide some more infor-
mation from spectroscopy of heavy quark hadrons
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Tevatron
» pp collisions at /s =1.96 TeV FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

» Peak luminosity ~ 3-10%*cm—2s~1 o

TEVATRON

Lo \ Ly
1 ) = oS )
s around 2.7fb ~ per experiment AN i
AR ANTIPROTON
—1 . _ L _—'souace
collected from around 3.2fb N
. -- — 3 2 — LINAC
delivered T i
PROTON c
NEUTRINO MESON e E:"_..:
Year2002 2003 2004 2005 2006 2007
Monthl 4 7 101 4 7101 4 7 14710l 71014 100 T
— T T T T T T T T T T T T T T T T T T T T 3 8-
S 300f L =
w 2 800 /
2 250 S g
S ) 3 3 200
£ 200f RS S T 600 :
= ST o
S 2 ’
= 150} R A T
8 W, b T B 400 .
£ 100} W SN S IRE 2004 o~
J B 2006
I Ax G0 N S I 200 7
50 T 1as 7 ol KA N e
) _‘{ zf",ﬁ&'; s,-.’-""f ‘ N 2002~
ws o 8| .
0 ”m'sfb. r‘?‘ AL D s - , P T S Y A N 1 _‘.-M_’——
1000 2000 3000 4000 5000 ® 50 100 150 200 250 300 350
Store Number Day
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Experiments

o Excellent momentum and
mass resolution

» Tracking at trigger level
» Particle identification

west CMX (miniskir) east

» Excellent muon coverage b

» \Very strong in semileptonic
and J /¢ decays

HADRONO7, Frascati Heavy quark spectroscopy at Tevatron — p. 23



B, — J/ym

S e e comeemny g Selection derived and
105- 036t T 08 3 fix on 360 pb—1
23 Amﬂ'i { » As dataset grows,
o“ﬂﬂﬂ” [GEEN "Jl”r; - signal more significant
w “F - i s Around 1 fb~! enough
> 5 . .
2 mMﬁan'L MWHMI Ty to claim observation
2 ok 061 » Previous result:
s L ”|’L : Ns =45+ 9
OMM nﬁﬂfhmﬂﬂi"ﬁ:, e M(B;) = 6276.5 +
10 F 0.7 fbot _ 4O(Stat) mm 27(SyS)
5' 3 Significance > 60
%.15 6.45 615 — 625 635 645 ': » NOW update Wlth dOU'

Mass(J/ym) GeV/c? bled dataset
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CDF B* Q distributions

CDF Run 2 Preliminary 1.0 fb* ,4 CDF Run 2 Preliminary 1.0 fb
~ N Kk + 4o - ~ - Kk +y - —0 -
% i:_ B - B'K - [JWK'IK % ooF B. - B'K - [D r]K
> E_ _B+K- S 20:— _B+K-

g 16_— - g 18_— 1+
i 14F BK —i 161 BK
® 12F ® 14r
& 10F 3 12t I
S 5 g 100 M Jm
© e 8:—
c 6 c  .C
] ®© 6:—
O 4 O 4l
Z@h 21
| I | | | | | | | | | | | | | | | | | : | | | | | | | | | | | | | | | | | | |
OO.OO 0.05 0.10 0.15 0.20 OO.OO 0.05 0.10 0.15 0.20
M(B'K)-M(B")-M(K) [GeV/c] M(B'K)-M(B")-M(K) [GeV/c]

» Peak positions and width are consistent between two channels
» Background shapes are practically same
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CDF B:* p-Value

. CDF Run 2 Preliminary 1.0 fbt . CDF Run 2 Preliminary 1.0 fb™*
o) o) "
) = - A
= g B = : B
© = @ =
> 107 B = 10 ”
o r Q. r
10-2 g_ 10—2 g—
103 é— 107 é_
10—% 10“%
10-2_ Value in data 105;_ Value in data
10°® é— 10 é_
-7: ! . ! I ! ! L] | ! ! ! . i R RS S T T |I_| (IR ST [
10 0 20 40 60 10 7O 20 40 60 80
-2In(Ly/L) -2In(LO/L)
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CDF B;* Likelihood profiles

CDF Run 2 Preliminary 1.0 fb™

B. -~ B'K

2In(L/L, .,
o
o

60

40

20

IIII|IIII| III|IIII|III
0 0.005 0.010 0.015 0.020

Q(B.,) [GeV/c]

HADRONO7, Frascati

§18O

—
<160

M. Kreps

CDF Run 2 Preliminary 1.0 fb™*

B. -~ B'K’

1 | 1 1 |
0.04 0.06 O.Q8 0.10
Q(B.,) [GeVic?]
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B**in 370 pb—* at CDF

Q: B”in J/y K" channel | CDF Run Il Preliminary: 370 pb™

New result:

“E §_ Fit Prob = 91% — Total fit
B 5739.9111'_7 +05 MeV/02 g;g_ —o-e
B, 5725.3*18 * +08 5 Mev/c? g% —5 -
g 30§_ LT~ (e Total background
Old result; LRIV 2 S R S S
10 .
B 573845+ 1MeV/c?
2 %.O 0.2 0.4 0.6 0.8 1.0

B]_ 5734 Z|Z 3 :|Z 2 I\/IeV/C2 Q=m(Bm - m(B)-m(m) (GeVic’)

[_Q:B"in D’ channel | CDF Run Il Preliminary: 370 pb™
ST 90 _ .
L ok Fit Prob =70%  — Totalfit
E o —B,-B™m
~ E — B, -Bm
o 60 .
S E —— B, - B'm
Nt 50 :— *k
> 1N, B
0 40F-
1= O B 72 | L. < ¥ %5 i G N LE L Total background
O 30F oS3 MRS N,
> o N T e Non-Comb. Bkg.
TR = X b
20
10
= N I N o ..
%0 0.2 0.4 0.6 0.8 1.0

Q=m(Bm) - m(B) - m() (GeV/c?)
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Background estimation

CDE Il Preliminary, L = 1.1 fb™

Do blind search

Fix all backgrounds before
looking to signal region

Shapes

\p Sideband

PYTHIA MC

B miss-reconstructed data

Relative normalization
according to A, mass fit

Determined background
describes data well

HADRONO7, Frascati

Candidates per 5 MeV/c’

M. Kreps

40 —Total Bkg

= —A\) Ha + UE Bkg
B - — B Ha + UE Bkg

- zb Combinatorial BK
30:_ — Combinatoria (
25
2of A m""'--“IIII"L | i
15- .I |!j||u“. I %[l o]

2/ gy, Sl

_ Iy 3 14 *
10H ﬁ

I
5 J»

.... | | | | | [ n ¥ . T

40 = —Total Bkg
3B —AJ Ha + UE Bkg

- Z+ —B Ha + UE Bkg
30 b li —— Combinatorial Bk

- IRy
25F | , +
oy

| Py

15 l‘ l . .‘.llii: "’:, S ¢

J "nl]unn uiip g
10H + |!".I'I'l""ﬁ!i.1|=
5] [ ;;
Qo ——— 72 o3 04 05

Q = m(A%m) - m(A) - m,, (GeVic?)
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R et
» Repeat fit with alternative hypothesis
s Single peak left out
s Only one peak in each charge combination
s No peak, pure background

» Derived from A(—In L)

p-Value % p-Value o
Nopeak <83-10°% >52| NoX, 32-10* 34
2peaks  9.2-10° 37| NoxL; 9.0-10° 24
No X}~ 6.4-107* 3.2
No ¥/* 6.0-107* 3.2

= Significance more than 5¢ for 4 peaks
= Evidence for three out of four individual peaks
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=, mass comparison

I
=, Mass

Theory
prediction

N

N
AR

DO @

PRL99,052001

CDF

PRL 99,052002

DN\

NN

AR
DN\

[]]] Jenkins

PRD54,4515

AN\

SO
AR
NN NN

RNy
ARNRRRRRNRRN

AR
AR

N
N
AR

[Z Karliner et al
hep-ph/0706.2163

ARNNRRRNNRN
NN\ \s\\\

N
AR

|
5.74 5.76 5.78 5.80 5.82 5.84
m(Z;) [GeV/c”
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=, D@ checks

4%_(b) wrong-sign
3t D@, 13fb"

.

i H [N ﬂ . |_||_L
45_ (c) = sideband

ool do e

- (d)

= N oo-h

—II_HHI_I

J/Y sideband

Bl

Mass [GeV]

Heavy quark spectrosco
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