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B Physics at the Tevatron

EEaPa I

Large bb(bar) cross section, but still 1/1000 of total inelastic cross
section

Dependant on triggers to get to B events (J/y, displaced vertices,
leptons)

Many states only accessible at Tevatron: B_ A, 2 =, ...

B physics probes many aspects of theory:

1) CKM Matrix

2) QCD parameters

3) BSM processes

4) Effective field theories — HQET, NRQCD, lattice QCD...
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The B_Meson

Two heavy (b and c) quarks, but decays
weakly = unique laboratory for physics

Decay
Products

™

Mass — potential models and lattice QCD c
calculations

Decay — both quarks contribute to width, N,
B.
C)
c +

expect shorter lifetime than B mesons,

lots of decay modes /pmﬂs

Theory predicts 1~0.5 ps, but large
uncertainties and model to model variation

Weak decay of b quark -> final states with J/yy ™ Decay

(nice signature for experiment)

"1 Products
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Lifetime in B_->JAp+I+X (CDF)

» Select tri-lepton events

* 2 muons reconstruct to J/y
mass ~5.5 million candidates

Unmeasured

 3“lepton from same vertex: '\ = [l Decay
1935 electron candidates i
572 muon candidates veren, ©
* Model m|SS|ng momentum in — %103 CDF Run Il Preliminary: ~1 fb '
. KS) " J/y Signal = 5564.9(2.5) x10°
signal events E 1000~ 5/B = 4.4 in 3.10+0.50 GeV/c?
» Model tri-lepton backgrounds & 800
 Likelihood minimization of lifetime 2 600
distribution using signal and 2
LW 4001
background models
200

F‘ L | I 1 I L
8.8 2.9 3.0 3.1 3.2 3.3
up Mass (GeV/c)
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Signal Model

CDF Run Il Monte Carlo

| B.—oJy+p+X

800

0.25 GeV/c?)

200|-

Lo g0 1 e g el 5 poy g [ abguss
03 4 5 6 7

Jhyu Mass (GeV/c?)

* MC requires assumptions

about B_ production spectrum

and branching fractions

* Missing neutrino means broad J/y+l
mass window for signal: 4-6 GeV/c?

* Also means missing momentum when
measuring lifetime
» Correct using “K” factor from MC of B_
decays *

CDF Run Il Monte Carlo

‘:;'_"‘
o B.—Jyv+e+X
o 0.15 ~° v
B
T
[4b]
=
e i
0.10
0.05}-
0.09 0.5 1.0
K Factor
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Tri-lepton Backgrounds

Small B_ production compared to bb(bar) or cc(bar) -> rare events can be
significant backgrounds:

1) J/Y continuum background with third lepton — easily modeled
from J/P mass sidebands

2) Hadrons faking third lepton — estimate fake rates for 1T, K from
D*->Do(TiK)Ttand p from A-=>pTt

3) J/Y and lepton faking vertex (lepton from other b jet or photon
conversion)

F{est'ofTo jet

’ ID conversion L ‘J/W
M_odel f K Jhy partner, i
with MC " model eff.
I +
Rest of b jet ” » €
B / - - -
e o . ™ _ Al — e—
b o
N - Y
W= or et
HCPO0S8 - 5/29/08 Mark Hartz



More on bb(bar) Background

CDF Run Il Preliminary: ~360pb' o Realistic MC for bb(bar) background

100 - Data
[ Total Fit o :
80l Flavor Creation (CTEQ 5L) ° Uncertalntles In the pp(bar)->bb(bar)

| ——— Flavor Excitation (CTEQ 5L)
- ———— Gluon Splitting (CTEQ 5L)
Fake J/y and Fake Muon

production

9))
Q
T | T

* Tune Pythia sample using fit to

ApJ/P—) in data with no J/P— vetex
requirements (left)

Events/(0.158 rad.)

Fit prob. = 0.41

IS
o
T T

N
o
T

CDF Run Il Preliminary: ~1 fb™

s — € 10°F
O -1 T L. . | T AR | I S S O E L Da‘ta
0.5 1.5 2.5 5 :
JAy-u Ao (rad.) S Il Fake Muon

B Fake J/y
 Double check agreement with data B o5
using impact parameter of third

muon with respect to J/ vertex

Excess from signal
0.05 0.15 0.25

Imeac’[ Parameter w.r.1. Jﬁl’; Ssz
HCPO08 - 5/29/08 Mark Hartz 8



B_Lifetime Resulits

o _ s A
CDF Run Il Preliminary: ~1 fb™' CDF Run Il Preliminary: ~1 fb
E - Data - J/y e E_ 10° = - Data-Jwypn
;— 1L Total Fit . : Total Fit
0 - —— Signal D il ———-ggnm
5 —— bb @ 10°E —
_|qu 102 Fake Electron c B —— Fake Muon
) Y A Fake J/y o By e Fake J/y
LI:j . N\ Residual Conversion I - LN\ T Prompt J/y
10 & PR smmsere Prompt J/y - Fit prob. = 0.51
: | \ | Fit prob. = 0.70 - A\ ONULLL ‘
1 E : h}\J\ . ! é_ ) : N j\
10 , J \ TR 107 |/ , \
\ %

-IO . I | ‘I.‘J\ 102_ |.'.I| | |L'-| [ Nl

-2 1 1 :' R | \ al | L 1 - i [N ] bl b |“‘ | I L L
-10 0 1000 2000 3000 4000 -1000 0 1000 2000 3000 4000
Pseudo-Proper Decay Length (um) Pseudo-Proper Decay Length (um)

Electron Channel: T:O.4O3f8:8§§(stat.) ps

Muon Channel:  T=0.597"7.,(stat.) ps

: . +0.053
Combined Result: | T=0.476", .5 (stat.)£0.018 (syst.) ps
http://Iwww-cdf.fnal.gov/physics/new/bottom/080327.blessed-BC_LT_SemilLeptonic/
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B_ Lifetime (D0)

« Measurement using B _->J/(up)+p+X decays

* DO has excellent muon acceptance -> good match with 3 pu final state

« Similar backgrounds as CDF % 180;
measurement O 160F

(0] R
N 140¢

e Simultaneous mass, lifetime fit ©
to help constrain backgrounds

» Requires K factors to model
missing momentum (similar to
CDF analysis)
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DO 1.3fb" —

Total

8 9 10

MJ/vp) [GeV]
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B_Lifetime Resulit

5104;— Dg 1.3fb"' — TotalFit
0 = — Signal
* 14753 J/W+u candidate S 10°E =~ JypMC
events 8 Jy SB+p
S 10% 1 Prompt
. Fit returns B_ yield of = AN, T Jy+Track
» b -.‘ - - +
88180 events 10, A O\ o 8
- ;‘ W . N
1§_ " ;' -h'."':-.,. : T Sbeel |
: 10"'. | 2 P, . . \ .-l-'.'f.'-.'*".- el
Result with 1.3 fb' of data: 0.1 -0.05 0 0.05 01 0.15 0.2 0.25 0.3
VPDL [cm]

T=0.448" 0 (stat.)£0.032(syst.) ps

Mass templates are primary source of
systematic uncertainty arXiv:0805:2614v1[hep-ex]

World best measurement
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B_Lifetime Summary

CDF Run Il Preliminary: ~1 fb'

1

Used In World Average
Used In CDF Il 1 fb™ Average

World Average

CDF Run I, Jiy+!
DO, Jiy+u (1.4 fb7)
CDF Run II, Jiy+e (1 fb™)

CDF Run II, Jiy+u (1 fb7)

CDF Run II, Jiy+l (1 fb")

Average
0.459+0.037(total) ps

HCPO8 - 5/29/08

08 0
B, 7 (ps)

Speaker's world average of B_
lifetime results:

T =0.459+£0.037 ps

Compares to theoretical predictions
that range (central values):

1=0.47-0.59 ps

arXiv:hep-ph/0006104

Phy Rev. D 64, 14003 (2001)
Phy Lett. B 452, 129 (1999)
hep-ph/0002127 ( and references
within)
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B_Mass (D0)

« Using B _*->J/Y(pp)+1e - fully reconstructed = precise mass measurement

» Expect BR ~0.1 of semileptonic modes

» Cuts optimized on: “;: 405_ N
Stage 1 - B *->J/y+K* (data) E Ja '
Stage 2 - B *=>J/y+T¢ (MC) o °F

Cc < B
J 25
2 20
Measurement with 1.3 fb™: R
54+12 Signal Events b
10
2| E
M=6300+14(stat)+5 (syst) MeV | c 43 I |++ Jrlﬂ
%6 58 6 62 64 6§ 68 7 12

M(upr) [GeV/c?]

arXiv:0802.4258[hep-ex]
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B_Mass (CDF)

CDF2 Preliminary
« CDF B *->J/(pp)+Te has been updated e S B B B

L
L
IIIII

|

« Cuts optimized on B *->J/+K*
* Most recent update with 2.4 fb":
108+15 Signal Events

)
—
T

ErrerTes Per 10 Me\f/c
L
L)

M=6275.6+2.9(stat)+£2.5(syst) MeV I¢’ 10;_ Mﬂfwm‘rw]m‘ml\ﬂm
PRL 100, 182002 (2008) O: ] l l | ] ] l | | | | | | | |
Theory: 5.6 6.0 6.4 6.8 7.2
M = 630412+¢ MeV/c? (lattice QCD) Mass(J /yr) Gev/c*

PRD 65, 034001 (2002)

M = 6247-6286 MeV/c? (non-rel. potential models)
PRD 70, 054017 (2004)

Lifetime in the pipeline
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B, Lifetime Intro

b W Vi 5
0 =X/,
.0yt t
s Vi, W b

- Mass eigenstates B_" and B - — decay widths ', and I",
« Define: Al' = I'-I', and ', = @ +[)/2
« Assuming no CP violation, two kinds of measurements:

1) Flavor specific — measure a single exponential for [, and I,
Actuall re: 2
ctually measure C1a (MS) T B->D +T

" T. 1 — (£)9 B->J/y+¢

ey

2) Measure Al' and I directly — identify the CP eigenstates (angular
analysis of decays)

« Heavy quark expansion predicts 1 /t, = 1.0£0.02 (1,=1.530£0.009 ps)
PRD 70, 094031 (2004)
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B_->J/y+@ Angular Analysis

* Include angles describing decay in fit for Tt and Al

« For no CPV - BSH=CP odd BSL=CP even

* Pseudo scalar->vector+vector: S,D wave (CP even) and P wave (CP odd)

» Angular distributions constrains CP even and CP odd components

Transversity
Basis —_—

HCPO8 - 5/29/08 Mark Hartz 16



B, Lifetime in B_->J/P+@

10°E P
E . CDF 1l L=1.7 fb
F DO, 2.8 fb Data e F ot
i — Total Fit = [ f ata
i B — JAp ¢ . K 10°E  # — Fit
10°¢ e O Total Signal % - — Signal
- Mass 5.26 - 5.46 GeV ... Background
i ' Ch-even o o4y CP-even
10 (AN e CP-odd S10°F iy 0000 CP-odd
n 7\ — Background 2 Sy
i E I‘I' i . . . - - ; ,_' Rba
10E £\ iy, - Different lifetimes, S sobd [T TRy
E 5—‘ ! AFS # O ; .E: n“n... "- .:I!i Y
B ] I e ] - . e ."'~..<
e ‘ ;: Lt -
10'1 I L1y |§;| I N | 11 1 it |" r‘\\l Ll Loty :I ;] 1 1 1 1 | 1 1 1 i "r- |"
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3

cPV Allowed: Y ot (cm) No CPV Allowed: ¥ ct [em]

7=1.52+0.05(stat)£0.01 (syst) ps | |T=1.52%0.04 (stat)+0.02(syst) ps
AT'=0.19%0.07 (stat) o (syst) ps”' AT=0.08£0.06(stat)+0.01(syst) _pS_l

No CPV Allowed:

AT=0.14+0.07(stat) ps”'

arXiv:/0802.2255[hep-ex]
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B, Lifetime in B_->D_(q@r+1c+X (CDF)

* Flavor specific lifetime using D, - ¢ & Monte Carlo
B ->D_(gr)+m+X

2

W
o
(@)

BmB.—> D=
B, —-D,K
EB. > D.x D, p
I B, — Dy inc nonsignal
Other

N
)
o

« Combines fully reconstructed and
partially reconstructed modes

N
o
o

II|I|\II\‘I\\I|\|I\|I\\I|

X2
« B.->D_(gm)+m and B ->D _(gm)+p* statistics
(rr®) dominate

 Partially reconstructed give >x2
statistics

—_—
)
o

Number of Entries / 10 MeV/c
o
o

o)
o

Monte Carlo 96 4.8 5 52 54
0.45;— M(DS((DTC) TC)
°4E — DK
ﬁo.ssg— —Dp
g B, remainder « Partially reconstructed decays ->
£ 02 <¢— model missing momentum in
Horse lifetimes (K factors)

k
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Hadronic Trigger an Sample

e Events are triggered using the displaced
vertex trigger

. do s
* Two tracks with 120 um <d0 <1 mm B
* Intersection >200 um from primary
vertex V, do
« Introduces bias to lifetime -

* Model with efficiency function from MC

» Check fitting procedure with other samples:
* B~ D(K*mtmr) 1T
* B%— D*(D(K*rt)mr) 1T
* B* ->Do(K*mt) ¢

» ~1100 fully reconstructed events
« ~2000 partially reconstructed events

HCPO8 - 5/29/08 Mark Hartz 19



B, Lifetime Resulit

CDF Run Il Preliminary 1.3 fb” CDF Run Il Preliminary 1.3 b
3500 — 5
- f
L B ;r' . ® Data
3000[ + data @ \ﬁ‘
C fit a2 . 3 Fit Result
- + B >D* ‘Em - 4 ‘}%
L — T - &l (B34
= 2500 J —— B°Drt(ny) © C o] p
= C B’ »>DK" g - —— DK+Dp+D*x+B_ others
- - 0 = |
£ 2000 B —»Dp = y B DX, B >D.X, AX
@ - | —— B’>D™n S}
2 - | | B%/B' —»D,n =~ Bkgd.
= 1500 B°/B* DK L oL
2 AT BY/B* D" eX B F
S joool Wi BY/B* DX B ¢
- \ [ — B, —»DX S B
C \ — D(sb)
500 1 f |+ DX ]
- fﬂi&ir
0;L::===-E’:~7=-a—— i Lw . N NI NP 1
48 5 52 54 56 58 6 6.2 6.4

o
o
2
o
o
—
e
—
(6, )
o
N
o
o
0
o
(78]

m(B) (GeV)

Two steps to lifetime fit:
1) Fit of the mass distribution to set the relative fractions of decay modes

2) Likelihood minimization to fit ct distribution and extract lifetime

T=1.518+0.041 (stat.)=0.025(syst.) ps

*World best flavor specific
080207.blessed-bs-lifetime/http://www-cdf.fnal.gov/physics/new/bottom/
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http://www-cdf.fnal.gov/physics/new/bottom/

B, Lifetime Summary

« D_+1+X contributions to flavor
specific world average

 Larger values consistent with

J/P+@results

Contours of A(logL) = 0.5

O :
o
o M

0.1 ' Theory

|
©
—
T

HEAG B
j

Direct
Measurements 1

Flavor-Specific
T (B2)

Combined '

1 | 1 1 1 1 I

12 1.3 14

HCPO8 - 5/29/08

15 16
1T [pS]

ALEPH (1996) —a—

+0.14
1.54 0%+ 0.04

OPAL (1998) I

+0.16
1.5+ 0.04

CDF (1999) H—=—-H

1.36+ 0.09 ‘05F

DELPHI (2000)

1.42 %0741+ 0.03

DO (2006)

1.398 + 0.044 D028

PDG 2007
1.41+ 0.04

CDF (Prelim.) D_(¢m)X [
1.518 + 0.041+ 0.025

1 1 | 111 | 11 1 | I | 111 1 1 1 | 11
0.6 0.8 1 1.2 1.4 1.6
B{S’ Mean Lifetime (ps)

« HFAG for PDG 2008 includes CDF
JIP+@

« Recent results suggest 1/t ~1

« T /T, =0.939£0.021 as of HFAG 2007

« Recall t_f, = 1.0+£0.02 from HQE

Mark Hartz 21



JIY Polarization (CDF)

 NRQCD predicts S-wave quarkonium should be transversely
polarized for sufficiently large p.

« Define quantity a = (0,-20,)/(0,+20,) PRL 99, 132001 (2007)
* And cosB* (angle between p* in J/U rest
frame and J/y in lab): T
0.8 & (a) =
dN 3 E
—oc]+acos’ 0" 0.6¢ 5
d(cos0") 0.4 - . CDggam =
0.2 F NRQED =
* With 0.8 fbo! of data CDF I00KS 3 0 Elpmgererrrereerrmrreermrssmnmens L r1ZA000 -
at prompt J/Y polarization 0.2 — 4 <
(~800,000 candidates) 04 F =
06 | =
» Fit cos8* to extract 08F T E
- See opposite of NRQCD T e B 2 5w
prediction pr (GeVic)
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Y(nS) Polarization (DO0)

2<p;<4GeV/c 10<p;<15GeV/c
2 gool D@, 1.3 1" | D@, 1.3 b
® . .. 1200 - . .
.Fit di_muon maSS in pT and % 600 :_ a) data;dnven fit ol data-driven fit
0* bi for Y = Y(18) X~ /ndf=1.11 x?/ndf=0.93
cosf™ bins for (nS) £ 400 res) 00
normalizations S Y(3S) :
200 1 50 ‘
*Two types of mass fits 0" . - :
8 10 12 14 8 10 12 14
. Data driven — all Mass(u*n) [GeV/c?] Mass(un) [GeV/c?]
. 2<p;<4GeV/c 10<p;<15GeV/c
p_arameters determined by © goof o st | RTT
flt § I C) MC-driven fit 200 _ MC-driven fit
o 600 -
» MC driven — asymmetric tail g, | xindi=1.14) 120 EAdI=052
from MC (used for e 1001
normalizations) 200 50} |
0 ¥ o 0 N I .' l T
° ~260’OOO Y(nS) events 8 10 12 14 8 10 12 14

Mass(u*w) [GeV/c?] Mass(u'w) [GeV/c?]

arXiv:0804.7299[hep-ex]
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a for 1S State Compared to Models

M o f o* CDF Run | data NRQCD Prediction
¢ lVieasure Fom COS \

3 1 g
« See a>1 at high p_ but: 0.8 DO, 1.3 b

1) Disagreement with :
CDF Run 1 measurement 0.4 v *

2) Not a good match to
NRQCD or k. factorizatoin

 CDF Run Il result would
help understand data
discrepancy

e

« Continued work on p; of X(1S) [GeV/c]

theoretical models DO data k. factorization models
Solid — quark spin conserved

T T S N T U T T T T A YT W N VA N N Y N O R
0 f.s 5 7.5 10 12,5 15 /17.5 20
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Y(2S) Polarization

NRQCD

 Also measure o for ‘

1
Y(2S) © D@, 131
0.8 - 120
» Good agreement N ©

with NRQCD 0.6 ‘s
04

0.2 -
i ——
|8

-0.2 -

-04 —

-0.6 -

085 25 5 75 10 125 15 175 20 |
p; of Y(2S) [GeV/c]
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Observation and Mass (DO0)

p

First direct observation of = _(dsb) by DO

7T

« Decay channel -

=, ~>J(HW)+=(ATT)

« 1.3 fb' of integrated lumi.

* — and A decay lengths ~ cm

15.0+44(stat)’ ', events
3.50 significance

M=5.774+0.011(stat)£0.015(syst) GeV I ¢’

Events/(0.05 GeV/c?)

PRL 99, 052001 (2007)

HCPO8 - 5/29/08

Mark Hartz

—t h

o N

o N &~ O O
I | I I O O L L

gl el e e

D@, 1.3 b

» Data
— Fit

; &Wiﬁt

6.2 6.6 7.0
M(Z,) (GeV/c?)

5.8
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=, at CDF

[ CDF Run Il Preliminary ] L~1.9fb™ .. .
S SW — 3+ Similar to DO analysis
E ;_ yield=17.5+4.3 _g e 1.9 fb' of integrated lumi.
[ _ 2] —_ . g
2 M=(5,792.9£2.5MeVic 3« Reconstruct = track in silicon — cut
2 b 3 down on backgrounds
S o * 5 track final state becomes 3 track
8 o _ final state
vl Lﬂﬂ T Color Hyperfine ~ 1/mg and 1/N,
=T ™56 58 60 62 o7 Interaction Expansion
M(J/yE) [GeV/c?] . '
\x\l\:ass /
17.5+4.3 events 7 prediction
. DO .
1.70 significance erusn,osa0t 27 L
_ 2l | CDF % e
M=5.7929+0.0025(stat)£0.0017 (syst) GeV [c"| | wmsnsawaom
5.74 5.':'6 5.1!8 5.8 5.|82 5.84
PRL 99, 052002 (2007) m(Z,) [GeV/c’]
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Conclusions

* DO and CDF are making many exciting measurements

» In Run Il we have greatly improved the precision in B_
measurements — start to feed back to models

 Recent B_ lifetime measurements suggest 1 /1, = 1

» Mystery of the quarkonium polarization

« Exciting direct observation of the =

« Many interesting topics not covered in this talk: A , 2 , orbitally
excited B mesons, etc.

http:/lIwww-d0.fnal.gov/Run2Physics/WWW/results/b.htm
http://www-cdf.fnal.gov/physics/new/bottom/bottom.html

HCPO8 - 5/29/08 Mark Hartz
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The Tevatron

pp(bar) collisions at sqrt(s)=1.96 TeV

Peak instantaneous luminosities of
3x103%2 cm=3s™

~4 fb' delivered so far

Run Il Integrated Luminosity | 19 April 2002 - 18 May 2008 |

4.2
4.0 /
38 413 A

36 Z /
3.4 Wi
3.2
3.0
28

2.6 A —y
24 / / 357 || |
2.2 /A o :
2.0
1.8
16 A~
1.4 /'/,
1.2 ,/’.-/,_

,/

Luminosity (/fb)

1.0 ,/
0.8 ,//

06 =

02 T — Recorded
0.0 T T 77

Apr- Jul- Oct- Jan- Apr- Jul- Oct- Jan- Apr- Jul- Oct- Jan- Apr- Jul- Oct- Jan- Apr- Jul- Oct- Jan- Apr- Jul- Oct- Jan- Apr-
02 02 02 03 03 03 03 04 04 04 04 05 05 05 05 06 06 D06 06 07y 07 0OF OF 08 08
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CDF & DO Detectors

E—] Ceniral Drit Charmber " Muon Chambers g r
B EM Calkorimeter = ] f.a
E Eh Shovethdax
O Hadron Calorimeber i H H E .-/“
[ Muen Debector
Steel (Magh. vokes) =3
IS Si Layers g— Shielding 12{ ________
TSIl Sidetectar , ]
- Calnrlmetar
Solkenoidal Magnet H H L 4|.| H
:éx\x i i | i i i i
Complementary Strengths
CDF DO
« Precision tracking - Muon Coverage Coverage
- Mass — op,/p, = 0.0015 p, « Forward tracking — to |nl=2
« Position — o ~ 25 mm « Addition of inner silicon
c
« Particle ID with time-of-flight, dE/dx layer

HCPO8 - 5/29/08 Mark Hartz 31
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