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Outline of the talk

e The Tevatron and the CDF Il Detector

e Confirmation of the Bottom Baryon Resonance
state A}

e Probing Quark Fragmentation
e Upsilon Spin Alignment
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Experimental Setup The Tevatron Accelerator
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CDF Detector CDF Detector and Particle Tracking

CDF Detector

CDF detector

Central Calor.

< — .

Time-of-Flight

Drift Chamber

Front End Electronics coT Silicon
Triggers / DAQ (pipeline) Microstrip
Online & Offline Software Tracker

@ Silicon Vertex Detector, Drift Chamber and TOF detector

@ B=1.4T and 1.50 separation between kaon and
pion from TOF + dE/dX

Prabhakar Palni (University of New Mexico) Heavy Flavor Spectroscopy with CDF BEACH 2012

4/43



etector and Particle Tracking

Confirmation of the Bottom
Baryon Resonance State /}°

CDF Public Note 10900
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Confirmation of A\go

Motivation

@ Heavy hadrons are the "helium atoms of QCD" where the nucleus is the
heavy quark Q and the two orbiting electrons are the light diquark qq

@ Measurements of the masses and widths of the heavy baryons provide
input to test different non-perturbative QCD approaches to the
spectroscopy of bottom hadron states
For example: Heavy Quark Effective Theory (HQET) and Lattice QCD

) A;;O is a resonance state containing the quarks b, u, and d. LHCb has
recently observed this state with a signal significance greater than
50 (arXiv:1205:3452[hep-ex])

@ Goal of the analysis: Search for the /;° resonant state through its
decay to A7 tm—
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Confirmation of A\go

Resonant States Decaying into A2 Singlet

GeV/c?

Prabhakar Palni (University of New Mexico)

1=0

. —3/2
Ay TO12Y

1/2°

Pion Transitions

— 3y
e 12 b
= n 2 Zb

o A0 Orbltal excitations:
J‘B /2)~and (3/2)~
(Strong decay)

° AE Singlet state:

J T =1/2)"
(Weak-decay)

@ pions 77~ are soft and
emitted in p-wave

b[qq:lantisymm b{qq}symm
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Confirmation of A\[,‘O

Decay Chain of A;°

P ‘ b
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Confirmation of A\go

Masses and Q-values of A;° Resonance States

@ Q=M(A;? — Artr™) - M(AD) - 2m(r™)
i.e the amount of energy released by the decay reaction

@ Various theoretical models predict that the mass of the first excited state
A0, (1/2)~ lies very close to the hadronic three-body mode threshold
with Q=[20...47] MeV/ c?

@ The higher excited state, 4;°(3/2)~has Q=[2...17] MeV/c? higher than
the lower state. |
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Confirmation of A\[,‘O

Two Displaced Track Trigger

(b production in pp)

b-Triggers at ©1.96 TeV

@ Enormous inelastic total cross-
section of o{ne! ~ 60 mb

@ op ~ 20 b (|n] < 1.0),

©1.96 TeV
@ Trigger on Hadronic Modes:
CDF Two Track Trigger R S |
e Exploit long ¢ (b-hadrons) P
e Trigger on > 2 tracks with 8 vaol-
large | ab| Yo
o pT 2 2 GeV/C snuo;
-gi -400 -200 o 200 400 600

SVT d, (um)
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Confirmation of ;\;0
Signal Model

We reconstruct A;° candidates in the mass difference spectrum: Q-value
Q=M(A4;° = Antr=) - M(A9) - 2m(7rPDG)

@ Mass resolution of A9 and most of the systematic uncertainties cancel
leaving only the 7Tsoft7rsoft contribution.

@ The signal is described by a double Gaussian to model detector
resolution.

Signal shape is fixed from the MC sample.
The background is described by a second order Chebyshev polynomial.

Q-value spectrum is obtained using full, Signal + Background model.

Used high statistics CDF D** — D% . sample to gauge the soft pion
momentum scale for A;° soft pion candidates.

e Scale is adjusted by: Q(4;°) = Q(4;°) — 0.28 MeV/c?

V.
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Confirmation of A\go
Analysis Criteria

% L L B B B B BN B
>1 .
g 00003 CDF Run Il Preliminary -
@ Exploit long life time and Q - 1
L L=100f" |
large mass of A9 5 8000F 00
@ pr(A%) >9.0GeV/c @ - 1
(Large) 3 6000; 7
@ cr(A? > 6.0 e 1 .
@ pr(m,) > 1GeV/c . N(AD) = 15418 cands. -
@ pr(rL,) >0.2Gev/c 2000 7
@ |do/og|(mZ,) < 3.0, i
w.r.t. primary VX. Ol b b L
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Mass(A; ;) [GeV/c?]
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Confirmation of A\[,‘O

Q-value spectrum of A;°

No 247_T I TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT I 1]
> 2F CDF Run Il Preliminary -
S of _
o O RAVNESE B The projection of the unbinned
T ] maximum LH fit onto the binned
o 16p Bl Q-value raw distribution of A;°
g M Sl candidates
T E Vi
3 12 :
g 10F = @ Number of signal events
E & _ +5.3
© 2 ; =171%%
il 1| e Q4% =2068+035
o] l E MeV/c? , Q-value scale
[L2En A (T 6 TR T adjustment applied.
001 002 003 004 005 006 007
Qs A [GeVIC
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Confirmation of A\[‘;O

Significance of the Signal

Local Significance Estimate
Based on Exp. Data Fits

@ Signal + Background,#4
(Signal Hypothesis).

@ Background only,Hq(Null
Hypothesis).

® D= —24ngt = —2x A(InL)

@ p-value is 2.28 « 108

@ Significance of the signal is
4.60

\

Prabhakar Palni (University of New Mexico)

Heavy Flavor Spectroscopy with CDF

Significance Estimated with toy
MC expts.

@ Generate Null Hypothesis #, ,
fit with H4

@ Parameter of interest , Noangs

@ Signal position Q left floating
within [6,50] MeV/c? search
window

@ Signal shape fixed
@ Background shape floating
@ p-value = 2.3+ 10~* or 3.50

V.

BEACH 2012 14 /43



Confirmation of A\[)‘O

Systematic Uncertainties on Q-value

Source Value, MeV/¢? Comment

Momentum scale +0.28 propagated from high statistics
calibration D** sample;
100% of the found adjustment value.

Signal model +0.11 MC underestimates the resolution;
choice of the model’s parameters

MC resolution stat. 40.012 finite MC sample size

uncertainty induces the stat. uncertainty
of the shape parameters.

Background model +0.03 consider 3-rd, 4-th power
polynomials

Total: +0.30 added in quadrature
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Confirmation of A\[‘;O

Summary of Results

To determine the absolute mass of the A;°

@ M (A9) = 5619.7 + 1.2(stat) + 1.2(syst) MeV/c?

Measured Properties of the A;° for [L£ dt ~ 10.0fb™"

Value MeV/c?

Q 20.68 + 0.35(stat) - 0.30(syst)
AM  209.82 + 0.35(stat) + 0.30(syst)
M(AZ) 59195 + 0.35 (stat) + 1.72 (syst)

@ CDF Public Note 10900 )
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Quark Fragmentation

Probing Quark

Fragmentation

CDF Public Note 10704
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Quark Fragmentation

Quark Fragmentation

@ Quark fragmentation models, string
and cluster fragmentation

@ D mesons offer solid and data based
technigque to validate these models
@ Study charged particle production
around heavy quarks
e Kaons near Ds; and DT both
decaying to ¢
e Similar technique used by B; flavor
@ D used for fragmentation studies
e No known resonances decay to
DsK
e Charged D’s do not mix
e Select prompt D’s to minimize

contamination from B—>DX decays

prolon

Prabhakar Palni (University of New Mexico) Heavy Flavor Spectroscopy with CDF
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Quark Fragmentation
Probing Fragmentation

Charge Correlation e
between D and K

@ For D :
@ Opposite sign = early
in fragmentation chain
@ Same sign = late in
fragmentation chain

@ For Dt:

e Random charge
correlation

C}D

Cd
Cu

} + Same
3 Sign

Opposlts

C”

(—

“Yo!

S
(: ; } K g?::slte
}K Same

7
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rk Fragmentation

Methodology

CDF Run Il prefiminary - 360 pb”* CDF Run Il Preliminary 360/pb CDF Run Il Preliminary 360/pb
500 [

4,50 10 1600
N 7ep (D) <8 Gevie 7<pT(D*)<BGeWc
[0)

77 0 200014 1400
5 n D> or
5 1 DAY ¢ | . 1200
P T o 1500 :
030+ ‘}l‘ Combinatorial Background ‘E 1000, Combinatonal Background
'E D background g Secondary compenent § Secondary component
w a 800

’ -% 1060 FPrompt compenent -E Prompt comporent
0 @ — Total it § e — Tomlfit
— Data (D% signal region) — Data (IF signal region)
105 500
%
e = . et
18 19 ¢ 2 22 0 oot 007 003 004 0405 0o0er 002 003 004 005
m(KKx) (Gevic) fmpact parameter (cm) Impact parameter {cm)

@ Prompt Df /D* mesons have ideally zero IP compared to finite IP
of secondary components.
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Quark Fragmentation

Methodology

CDF Run Il Preliminary 360/pb CDF Run Il Preliminary 360/pb
- 4|
1600j (pion hypothesis) 10 E
1400 } 14< p;< 2.0 GeVre F (pion hypothesis)
" r L
.§12007 @ 1035_ 0.6<pT<0.BGeV/c
X Pion S E
S 1000 - S [ — Data
S Kaon = I -
g 800 _ Proton 8 109 E /) Pien
9] E
[ — Total Q F Kaon
-:':j 600— Dat E L
< \ — Data
W00 . w 710 :
200F
r 1 S
o i e s 7 )
’ -4 -2 0 2 4 6 8 10

(W) Time-of-Flight residual (ns)

Particle Identification Techniques
@ Specific ionization per unit track length (dE/dX) in COT
@ Time of Flight (TOF) of the particle measured in TOF sub-detector
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Quark Fragmentation

Kaon Fraction Compared with Pythia and Herwig

CDF Run Il Preliminary, 360 pb”

1 1
[ o Data Opposite sign [ o Data Opposite sign
0.8l & PYTHIA Prompt D 081 « PYTHIA Prompt D*
[ o HERWMG [ o HERWIG
§ o6 :%: § 06
= E =
e L == o
& I = & [
g o 5 04r
¢ . §
e
=]
i
L=
P
1

Measure kaon fraction with likelihood fit

@ Take maximum p7 tracks in A R=0.7 cone around D candidates

@ Kaon production around prompt DF is enhanced compared to
prompt D* in the opposite sign combination
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Quark Fragmentation

Kaon Fraction Compared with Pythia and Herwig

1 1
[ o Data Same sign [ o Data Same sign
08~ & PYTHIA Prompt D 08« PYTHIA  prompt D*
[ o HERWG [ o0 HERWIG
§ o6- § osp
g g 0
& g
é 0.4_— é 0‘4_—
020 02- 40 %
o of
I PR N T PR R N I P R R S
P, GeVie P GeVie

@ Kaon production in the same sign combination is similar around
prompt D and prompt D+ J
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Upsilon Spin Alignment

Upsilon Spin Alignment

Phys. Rev. Lett. 108, 151802 (2012)
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Upsilon Spin Alignment

Upsilon spin-alignment

Discrepancies in previous Upsilon spin alignment study

@ Differences between CDF and DO results (7" polarized?)
@ Measurement of spin alignment in s-channel helicity frame only

v

Angular distribution of muons from 7" decays

dr
= 1+ )\ cos® 0+ Ay sin® 0 cos 20+ g, sin28 cos

@ Previous experiments have only measured )y
e Does not allow to calculate rotationally invariant quantities
e Bias could be introduced for non-uniform detector acceptance in ¢
@ This measurement is the first that determines the full 3D angular
distribution

v
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Upsilon Spin Alignment

Invariant Mass Distribution of Dimuon events

x10°
o 550k T(1S), 150k T'(2S), 76k [
7' (3S) decaying into u " u~ * i
@ Background is dominated by E 0
muons from b-decays N N
@ B enriched sample from 830
displaced muons is used to ,8
model the angular distribution | £ 20- T
of the background v N
@ Obtain geometric acceptance | 10+ N
from MC sample . )
@ Combined momentum N /11111 B e e e
resolution is op,/p? ~ 0.07% | 85 9 45 10 10-?”@1:)1 (Ge1\/1/é%)
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Upsilon Spin Alignment

SH frame, 2<p_(n'w)<4 GeV/c

M. B Signal and background
= ) V(28) background _— have very different
- Y(18) background o - T .
- Y(@s) background |~ . angular distributions.
0.5 EERS | Background is highly
= /i”f“ = “polarized” but the signal
e is not.
0=___Y(25)
| - T ~—_
L ~—_
L ~—
-0.5— \;\\
C T
V] B [ | Lo —l . )
-1 -0.5 o] 0.5 1 1.5
A'8

@ First measurement of 7°(3S) parameters
@ None of the 3 states shows evidence of polarization
@ Verified with frame invariance crosschecks
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Upsilon Spin Alignment

CDFRunll, 871"

& ’1‘.57
B Y(3S), 6<p,<8 GeV/c
— i=50,
r 20.0 ="
I S—channel helicity frame 100 =7
C 50
0.5— 2.0
B a5\ 0 -
B 0.0 R LR R,
-0.51
- Collins—Soper frams
] T N S S R
-1 -0.5 o 0.5 1 1.5
Ay

@ One-sigma confidence intervals for A\g and A, for the 7°(3S) state J
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Upsilon Spin Alignment

Comparison of rotationally invariant quantity,
CDF Run Il, 8.7 1™

w b w b
4:* —C8&frame 4:*
—SHrame

a- a-

i i r

s i s

By | ] Gt ficf e

: 1 ~ =

IO | TRTA FET L IRTTI TRR1 FYRTU FNRTA I ARI AT IR | TRTE FET L TRTTI TRRT FYRTU FNRTA I ARL AT IR T ) VT ERTTN ETRET FYATU FRRTA I RL AT

40

Y(15) p_ (GeVi) Y(25) p_ (GeVi) Y(35) p (GeVi)

E{otatlonally invariant quantity X in CS and SH frame

+3)\,
A= >
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Upsilon Spin Alignment

Y(1S) - Gollins-Soper frame

CDFRun I, 8.7 '

1 s s 1
0.8 0.8 <o
o. o. o.
04 04 04
0.25f I 0. 0.
B s I S e SR I
oz ¥ 02 T ea T i
04 0.4 04
0. 0. 0.
0.8 0.8 0.8
D T AT T I T T I I ST A T T TR I
5901520 25 50" 55 4o 5901520 25 50" 585 40 590752025 50" 85 40
o, (Gewrc) o, (Gewrc) o, (Gewrc)
Y (18) - 5-channel helicity frame
= 1 o 1 1
8
“os “os <o
o. o. o.
04 04 04
0. 0. 0.
I I #h —t— 1
T | g 7T e S s o I
0.2 Eh o 1 0.2 _0.2]
o L] 04 04
0. 0. 0.
0.8 0.8 0.8
D T AT T I T T I I ST A T T TR I
5901520 25 50" 55 4o 5901520 25 50" 585 40 590752025 50" 85 40
o, (Gewrc) o, (Gewrc) o, (Gewrc)

@ Comparison of \g, A\, and Ay, as a function of pr for 7'(1S) state
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Upsilon Spin Alignment

GDF Run II, 6.7 tb ™
1 ! g 1
0.8 0.8 <o
o. o. o.
0.4 0.4 04
0. 0. 0.2f],
hefre | = Aoy T
PR & WL S s 0z L
oa T 22 02 i
0. | 0. 0.
-0.8 0.8 0.8
I ST A P T TR I I T A T T TR I I ST A T T TR I
5790550 25 50 35 40 5790 550 25 50 35 40 5790 9550 55 50 35 40
P, (GeVic) P, (GeVic) P, (GeVic)
Y (25) - 5-channel helicity frame
= 1 o 1 1
2
“os “os <o
o. o. o.
0.4 0.4 04
o. I 0.2} i o. I
| I A O § I '_|— + Ik 1
-+ i I
P o H i il oo LA oz TE =
odb T o4 P
0. 0. 0.
-0.8 -0.8 -0.8
I ST A P T TR T I T A T T TR I I ST A T T TR I
5790550 25 50 35 40 5790 550 25 50 35 40 5790 9550 55 50 35 40
P, (GeVic) P, (GeVic) P, (GeVic)

@ Comparison of \g, A\, and Ay, as a function of pr for 7'(2S) state J
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Upsilon Spin Alignment

CDF Run II, 6.7 tb
R o1 P
0.8 0.8 <08
o. o o.
0.4 o4 0.4 o
o. T
o. o. I
| o dpeg b iR S,
P oo TR W 1
by T ] 04 o4 |
-0.6F ] -0. -0.
0.8 -0.8] 0.8
L 1 1 L I L 1 -1, L L L ol L L L 1 1 L 1l L 1
o0 8 20 28 50 55 o 5 10 15 20 25 30 35 & o5 H0 s 20 25 50 55 o
P, (Gevic) P, (Gevr) P, (Gevic)
= 1 o 1 1
2
“os “os <o
o. o. o.
0.4 o.~+ o.x{'
o. - o. F 1 o.
L1 1q ph b
as T ol T e oot .
04 I 04 04 T
0. T 0. 0.
08 0.8 08
I T T P TR T TP I T T T TP T TP I T T T TP T TP
570 15 20 25 30 35 40 570 15 20 25 30 35 40 570 15 20 25 30 35 40
P, (Gevic) P, (Gevic) P, (Gevic)

@ Comparison of \g, A\, and Ay, as a function of pr for 7'(3S) state J
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Upsilon Spin Alignment

Comparison with Theoretical Models

CDF Run Il Preliminary, 6.7 o -

CDF Run Il preliminary - 6.7 fo!

o
-

E 3
0.8F
06k D result, |y|<1.8 08
“F (PRL 101, 182004 (2008) 06
0.4

N

<
\HIIII TT T[T I T[T TT[TTT

7
" NRQCD /CDF Il new resulf, |y|'<0.6 02

-0.61- kT 0.4
08; 06 s NLO color- singlet
ol b b bovn Lo Lo Lo £
10 5 10 15 20 30 35 40 -0.81
p, of Y(18) [GeVic] £ J ‘ | ‘ J ‘ |
NRQCD - Braaten & Lee, PhyS. Rev. D63, 071501(R) (2001) ”0 - |5‘ ‘ ‘10‘ — ‘15‘ = Izgl = |25‘ -~ ‘30‘ = ‘35‘ = ‘40
kr — Baranov & Zotov, JETP Lett. 86, 435 (2007) p, of Y(18) [GeVic]

@ Comparison of a = Ay for 7(1S) decays in the SH frame
@ Newer theoretical calculations have larger uncertainties
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Conclusions
Summary and Conclusions

@ The A;O resonance is observed by the CDF at Q(A;O) =20.68 +0.35
MeV/c? with the significance of the signal 3.5¢ and the local signal
significance of 4.60

@ Confirms one of the states recently observed by the LHCb Collaboration

v

@ For opposite sign charge combination: kaon production around prompt
D is enhanced compared to production around prompt D=

@ MCs are consistent in describing early production of kaons, but
description of kaon production later in the fragmentation is inadequate

v

@ First 3D measurement of 7(3S) parameters

@ No significant evidence of polarization for 7°(nS) over a wide range of pr
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Backup slides

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation

Quantu
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Backup slides

5* in CDF: PRD 85, 092011 (2012)

candidates per 3 MeV/c?

w
I=3
S

n>
(333
t=3

n>
=1
p=3

o
p=3

=3
t=3

50

LARRL ) LR ALY AR LA LA R

L=60"

sl

o Daa ]
—  Signal + Background f
- Background only 3

003 006 009 012 015 018 021
Ofz, A0 = MA T) - M(A) - i) [GeVic)

candidates per 3 MeV/c?

350

w

S

S
T

no

133

S
T

Y

(=3

S
T

&
T

=3
S

50

LR AR LR LR LR LR L

DA

L=60f"

P IR AR

o Data ]
Signal + Background ]
Background only B

003 006 009 012 015 018 021
Ofz, A0 = MA T) - M(A) - i) [GeVich

Prabhakar Palni (University of New Mexico)

Heavy Flavor Spectroscopy with CDF

BEACH 2012

37/43



Entries per 0.05

Backup slides

3
16 o, 6FLC
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3 3k
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@ Projections of angular variables measured in the CS and the SH
frames for the range of invariant mass containing the 7°(1S) signal
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Backup slides

3 3
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=2 . 2 =2 -
= (a) 8.5<m(u'p)<8.7 GeV/c = () 11.1=m@'p)<11.4 GeV/c?
15 P« = 0.47 {-sr P = 0.62
8 8
= 1 2
< <
[N W)
0.5 0.5
95 62 04 0.6 08 1 95 0.8 1
1.4x10° qx10°
- -
O o (¢) 8.5<m(un)<8.7 GeV/c? “_’0 s (@) 11.1=m@*u)<11.4 GeV/c?
D 0. [~
o T Pks = 0.14 = P. = 0.23
-Lo.s .Lo.6-
= =
Li0.6 - T Fip + wio.4 +,
o.al- +
0.2 —+ - T
0.2
o ‘ ‘ ‘ o ‘ ‘ ‘ ‘ ‘
6 30 60 90 120 150 180 6 30 60 90 120 150 180
¢ (deg) ¢ (deg)

@ Comparisons of projected angular distributions measured in the
CS frame for prompt and displaced (error bars) dimuon samples in
the low-mass and high-mass sidebands
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Backup slides

Systematic Uncertainties

@ Momentum Scale: B field knowledge, uncertainty due to detector
material on the dE/dx correction.

@ Detector resolution model and its parameters.
(Detector resolution is a critical parameter for our measurements
especially for the fits of natural widths)

@ Choice of the background model.

@ Systematics propagated from the previous CDF measurement of the A9
mass.
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Theoretical Predictions of Masses and Q-value

References M(AD) | M(A2,1/27) Q M(A2.3/27) [ Q
MeV/c? MeV/c? MeV/c? MeV/c? MeV/c?
Capstick [1] 5585 5912 47 5920 55
Karliner [2] 5619.7 5929 29 5940 40
Roberts [3] 5612 5939 47 5941 49
Garcilazo [4] | 5625 5890 —-15 5890 -15
Faustov [5] 5622 5930 28 5947 45
Zhang [6] 5690 5850 —-120 5900 -70
Aziza B. [7] 5619.7 5920 20 5920 20

@ Q=M — AQrt7r) - M(A9) - 2m(755)

@ The predicted masses for the first excited state lie very close to the
hadronic three-body mode threshold with Q=[20...47] MeV/c? and for its
higher excited state with only Q=[2...17]MeV/c? higher.

[1]S. Capstick, et al. Phys. Rev. D 34, 2809 (1986) [2]M. Karliner,et al, arXiv:0708.4027. [3]W. Roberts et al., Int. J. Mod. Phys. A
23, 2817 (2008) [4]H. Garcilazo,et al. J. Phys. G 34, 961 (2007) [5]D. Ebert, et al. Phys. Rev. D 72, 034026 (2005) [6]J. R. Zhang,
et al. Phys. Rev. D 78, 094015 (2008) [7]Z. Aziza Baccouche et al. Nucl. Phys. A 696, 638 (2001)
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References to the Predictions of Masses and Q-value
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The Tevatron Accelerator at Fermilab near Chicago
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