Heavy Quarks

Manfred Paulini

Carnegie Mellon University

Hadron Collider Physics
Summer School 2012
Fermilab, IL

August 6 - 17, 2012

Lecture 1
Aug 14, 2012

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -1-



( Lecture Outline )

e Lecture 1
- Introduction: Heavy Quarks
- B Hadron Producers
- Features of B Physics
- B Hadron Properties
- B Lifetimes

e Lecture 2
- B, meson oscillations

- CP Violation in B system

- Selected B Physics results

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



Introduction: Heavy Quarks

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



( Discovery of 1** Elementary Particle )

1895: X-ray (photon) by Wilhelm Rontgen
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( Electron )
1897: J.J. Thompson
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( Muon )

1937: Neddermeyer & Anderson

MAY 15, 1037

PHYSICAL REVIEW

VOLUME &1

Note on the Nature of Cosmic-Ray Particles

Sers H. NEDDERMEVER aAnp CaRl D, ANDRESON
Califormia Tustitwie of Technology, Pasadena, Califernia
(Received March 30, 1937}

EASUREMENTS! of the energy loss of

particles  occurring  in the cosmic-ray
showers have shown that this loss is proportional
to the incident energy and within the range of
the measurements, up to about 400 Mev, is in
approximate agreement with values calculated
theoretically for electrons by Bethe and Heitler.
These measurements were taken using a thin
plate of lead (0.35 cm), and the observed indi-
vidual losses were found to vary from an amount
below experimental detection up to the whole
initial energy of the particle, with a mean frac-
tional loss of about 0.5. If these measurements
are correct it is evident that in a much thicker
layver of heavy material multiple losses should
becorme much more important, and the probability
of obeerving a particle loss leas than a large
fraction of its initial energy should be very amall,
Fer the purpose of testing this inference and alse
for checking our previous measurements? which
had shown the presence of some particles less
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Fis. 1. Energy loss in 1 em of platinem.

* Anderson and Meddermeyer, Phys. Bev. 30, 263 [1936).
* Anderson and Meddermeyer, Heport of London Con-
ference, Viol. 1 (1934), p. 170,

massive than protons but more penetrating than
electrons obeying the Bethe-Heitler theory, we
have taken about 6000 counter-tripped photo-
graphs with a 1 em plate of platinum placed
across the center of the cloud chamber. This plate
is equivalent in electron thickness to 1.96 cm of
lead, and to 1.86 cm of lead for a £7 absorption.
The results of 35 measurements on particles in
the range below 500 Mev are given in Fig. 1,
and in Fig. 2 the distribution of particles is
shown as a lunction of the fraction of energy lost,
The shaded part of the diagram represents parti-
cles which either enter the chamber accompanied
by other particles or else themselves produce
showers in the bar of platinum. It is clear that the
particles separate themselves into two rather
well-defined groups, the one consisting largely of
shower particles amd exhibiting a high absorb-
ability, the other consisting of particles entering
singly which in general lose a relatively small
fraction of their initial energy, although there
are four cases in which the loss is more than 60
percent, A considerable part of the spread on the
negative abscissa can be accounted for by errors;
it seems likely, however, that the case plotied
at the extreme left represents a particle moving
upward. Particles of both signs are distributed
aver the whole diagram, and mareover, the initial
energiea of the particles of each group are dis-
tributed over the whole measured range,

e B 4 4 .z
+aESE:

Fig. 2, Distribution of fractional lesses in 1 cm of platinum.
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( Pion & Kaon )
1947: Pion: Powell, Kaon: Rochester & Butler

36 Ref 2.4: Discovery of the Negative Pion
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( Charm Quark )

1974: J/W discovery by Ting and Richter

VoLUME 33, NumMnig 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 1974

Experimental Observation of a Heavy Particle J%

J. J. Aubert, U. Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,

J. Leong, T. MeCorriston, T. G. Rhoades, M, Rohde, Samuel C, C. Ting, and Sau Lan Wu
Laboratovy for Neclear Science and Department of Physies, Massachusetts Fstifute of Technology,
Cambridge, Mossackwseits 02139

and

Y. ¥. Lee
Brookhaven Nationa! Laboralory, Ubfor, New York 11573
(Received 12 November 1874)

We report the observation of a heavy particle J, with mass m = 3,1 GeV and width ap-
proximately zero, The observation wis made from the reaction g+ Be—e 4™+ x by
maasuring the ¢ %o~ mass apeotrum with a precise palr spectrometer at the Brookhaven
Mational Laboratory’s 30-GoV alternating-gradient synchratron,

This experiment is part of a large program to
study the behavior of timelike photons in p+p—e*
+e”+x reactions' and to search for new particles
which decay inte ¢'e” and p*u” pairs,

We use a slow extracted beam from the Brook=
haven National Laboratory's alternating-gradient
synchrotron. The beam intensity varies from
10% to 2% 10% p/pulge, The beam is guided onto
an extended target, normally nine pleces of T0-
mil Be, to enable us to reject the pair aceiden-
tals by requiring the two tracks to come from the
same origin. The beam intensity is monitored
with a secondary emission counter, callbrated

daily with a thin Al foil, The beam spot size is
3x6 mm?, and is monitored with closed-circuit
television. Figure 1{a} shows the simplified side
view of one arm of the spectrometer. The two
arms are placed at 14.6° with reapect to the inci-
dent beam; bending (by M1, MZ2)is done vertical-
Iy to decouple the angle (8) and the momentum (p)
of the particle.

The Cherenkov counter C, is filled with one at-
mosphere and C, with 0.8 atmosphere of H,. The
counters €, and O, are decoupled by magnets W1
and M2 This enables us to reject knock-on elec-
trons from C, Extensive and repeated calibra-

o |
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Target

®r.,
wr

Al Evasts

Events with
PR BT

Hodrass

Y
N glll o0

Evannel ho

B

FIG. 1. (&) Simplified side view of one of the spectrometer arms, (b Time-of-flight spectrum of ¢ %" pairs and

of those avante with 3.0 <m <3.2 GuV. (o) Pulse-height spectrum of ¢~ (same for ¢’} of the &%= pnir.
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Discovery of a Narrow Resonance in e * ¢~ Annihilation®*

J.-E, Augustin, i A, M. Boyarski, M, Breidenbach, F, Bulos, J. T. Dakin, G, J. Feldman,

G. E. Fischer, D, Fryberger, G. Hanson, B, Jean-Marie, R. R. Larsen, V, Liith,
H. L. Lynch, D. Lyon, C. C, Morehouse, J, M. Paterson, M. L, Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M, Tanenbaum,
and F. Vanmueeij
Stanford Linear Accelerator Center, Stanford Universily, Stanford, California 94305

G. 8. Abrams, D. Briggs, W, Chinowsky, C. E. Friedberg, G, Goldhaber, R. J. Hollebeek,
J. A, Kadyk, B, Lulu, F, Pierre,§ G, H, Trilling, J. S, Whitaker,
J. Wiss, and J, E, Zipse
Lawyence Bevkeley Labovatory and Depaviment of Physics, University of California, Bevkeley, California 94720
(Received 13 November 1974)

We have observed a very sharp peak in the eross section for e %~ — hadrons, e%", and
possibly p*p* at a center-of-mass energy of 3.105+ 0,003 GeV, The upper limit to the

full width at half-maximum is 1.3 MeV,

We have observed a very sharp peak in the
eross section for e*e”— hadrons, e*e”, and pos-
sibly p 'u” in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector® at the SLAC electron-positron
storage ring SPEAR., The resonance has the
parameters

E=3.105+0.003 GeV,
r=1,3 MeV

(full width at half-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture §(3105).] The cross section for hadron pro-
duction at the peak of the resonance is = 2300

nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.

Our attention was first drawn to the possibility
of structure in the ¢*e” — hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 30% (6 nb) enhancement was

10°
1406 c:—\ )5\\\\‘II\\‘\II\‘II\I‘\II\‘\\II‘\IIIl\\II‘\\\|7
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( Bottom Quark )
1977: Y discovery by Lederman

—_ =
e 450005 CMS Preliminary, s =7 TeV
> =

VoLustk 39, NUMBER 5 PHYSICAL REVIEW LETTERS 1 August 1977 “‘_.; - L..=40 pb'1
- 40000 int

the gauge 1= fixed up to boundary conditions, and the cosmological torm efther, simply becanse dimensional = - n < 2 4

above results are encoursging, One may also argue regularization (which respects the gauge invariances) - = Irl I -

thet direct closed Ioop calculations will not produce a leads o vanishing of tadpole diagrams, IE; T ) i i = 35000 100 MeV/ 2

R = = eV/c
- c [
P+ MUCLEUS = +ENF THING g 30000 =
Observation of a Dimuon Resonance at 9.5 GeV in 400-GeV Proton-Nucleus Collisions . mtar w 25000:_
§. W. Herb, D, C, Hom, L. M. Lederman, J. C. Sens,'* H. D, Snyder, and J. K. Yoh @t E
Columbia University, New York, New York 10027 20000
and = ; E
s i { 15000F
J, A. Appel, B. C. Brown, C. N, Brown, W, R, Innes, K. Ueno, and T. Yamanouchi =
Fermi Naltonal Accelerator Laboralory, Batavia, Nlinois 60310 § -
£ 10000
and 1' C
A. 5. Ito, H. Jostlein, D. M. Kaplan, and R. D. Kephart E i 5000:—
Stale Univevsity of New Yowk af Stewy Brook, Stony Biook, New Yok 11974 "E —
{Received 1 July 1877) 0 o f os_l Ll |8|5| 111 9‘ 111 |9|5| 11 |1|o| L1 .iolsl L |1|1| 1 :|1|5| L |12
ar T g . . R .
Accepted without review at the request of Edwin L. Goldwasser under policy announced 26 April 1976 E: 1 p'p- mass (GeVic?)
Dimuon production is studied in 400-GeV proton-neclous colllsions. A strong enhanoe— b %“ ' 3
ment {2 obgerved at 9.5 GeV mase in a sample of 000 dimuon events with a mass iy ¥ﬂ| E X 1 0
=& GeV., o 0
9 [
We have ohserved a strong enhancement at 9.5 The produced muons are analyzed in 2 double=- g B -

GeV In the mass spectrum of dimuons produced arm magnetic-spectrometer system with a mass ™, 8 B * —— 0.6 < |y| < 1.2, per 40 MeV

in 400-GeV proton-nucleus collisions. Our con- resolution am/m (rms)= 2%. 0 s

elusions are based upon an analysis of $000 di- The experimental configuration (Fig. 1) is a 25—

muon events with a reconstructed mAass m - modification of an earlier dilepton experiment in B o —— [y| = 0.6, per 20 MeV

greater than 5 GeV corresponding to 1.63x 10 the Fermilab Proton Center Laboratory.’™" Nar B

protons incident on Cu and Pt targets: row targets (~0.7 mm) with lengths correspond- B L iri

P +(Cu, Pt)= g* + " +anything. ing to 30% of an interaction length are employed. B *oo CMs pre“mmaw
= ;
: » 20_ 3 pp Ns=7TeV
PTAS .l b — :
T 125 i& . ° . L=4.91fb"
NI E B
e . 15 __ - [
gl { ba) B
a N
g B o O -
2 3 10— - *e
[~ it e 3 5 ]1} E & 3 oL A
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FIG. 1. Flan view of the apparatus. Each spectrometer arm includes eleven FWC's P1-P11, seven aciotillation = ! RESILLITION ¥ 98t M N %
counter hodoscopes HI-HT, & drift chamber D1 and a gas-filled threshold Ceresbov counter ¢, Each arm Is up/ by E\ iFamiM G T o e O O O R | [ {
down symmetric and hence sccepts both positive and negative moons. L A i . L i
®lE & 9 9.5 10 10.5 1
-] a8 [+] 2 . .
miGe\} dimuon mass [GeV]
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( B Mesons )

First fully reconstructed First fully reconstructed
B mesons: B mesons at a hadron collider
A A % | CLEO 1983 CDF 1992
BY — p¥+ g~
| metos PRL 50, 831 (1983) B Jy K
% ne g\ 14 | — |
'§ g c:.:‘ 12
- =
2= i % 12 =
. § 3
B % S BF
| 52I40” ““5230 " % 5 i
Mass (MeV) ey ARGUS E a
15 E
2 2
10 0 |
5 5.1
3 2
: Mass (GeV/c?)
ARGUS 1986 05.: o 5.I20 5.;5 5.30 PRL 68’ 3403 (1992)
Phys.Lett. B185, 218 (1986) n [Gev/ct |

Fig.5
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Jet

( Top Quark ) e
1995: Top discovery by CDF & D0 ,

- e 9w O O O O
p

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

t

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab Jet

F. Abe,'"* H. Akimoto,™ A, Akopian,” M. G. Albrow,” 8, R. Amendolia,® D. Amidei,'” J. Antos,” C. Anway-Wiese,* b
5. Aota, G. Apn]]inari.r" T. Asakawa,™ W. Ashmanskas,'® M. Atac.” P. Auchincloss,”® F. Azfar, ™
P. Azzi-Bacchetta,®' N. Bacchetta,” W. Badgett,"” 5. Bagdasarov,” M. W. Bailey," I. Bao,*® P. de Barbaro,®
A. Barbaro-Galtieri,'® V. E. Barmnes,” B. A. Barnett,'? P. Bartalini,” G. Bauer,'® T. Baumann,” F. Bedeschi,*
5. Behrends,* 8. Belforte,** G. Bellettini,** J. Bellinger,™ D. Benjamin,*' 1. Benlloch,'® 1. Bensinger,” D. Benton 2 Jet
A. Beretvas,” J. P. Berge,” S, Bertolucci,* A, Bhatti,” K. Biery,'* M. Binkley,” D. Bisello,* R. E. Blair,'
C. Blocker,” A. Bodek,?® W. Bokhari,'"® V. Bulugncsi,?“ D. Bortoletto,” J. Boudreau,™ G. Brandcnhurg,q
L. Breccia,? C. Bromberg,'® E. Buckley-Geer,” H. S. Budd, K. Burkett,'" G. Busetto,?! A. Byon-Wagner,’

Jet

13 o N aa . 16 - A

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of the Top Quark

Er =44 GeV/c, 9 = 1.8

LAl G Alvarez,'® G, AL Alves® E. Amidi,”” N. Amos,” E.W. Anderson,'” $.H. Aronson,? R. Astur, gﬁf/észﬁf?%ggg/Jlgll)ggsgdgm7ZOWCEST
Avery,™ A, Baden.” V. Balamurali,” J. Balderston,'* B. Baldin,'® I. Bantly,® 1. F. Bartlet," K. Barizi.” 1. B \15",.’]}{,2?5‘;‘;?,;91:%};434904,101
S.B. Beri,”! 1. Bertram,™ V. A. Bezzubov, ™ P.C. Bhat,'* V. Bhatnagar,®' M. Bhauacharjee,'"" A. Bischc b-tagged Jet
N. Biswas,™ G. Blazey,'” S_ Blessing,'* A. Boehnlein,'® N 1. Bojko,” F. Borcherding,'? J. Borders,™ C. B« Pe= 68 Gev/e,n =-1.7,9 =22
A, Brandt,"? R, Brock,™ A, Bross,'? D, Buchholz,® V. 5. Burtovoed,” J. M. Butler,'? D. Casey,™ H. Castilla-
D. Chakraborty,™ 5.-M, Chang,”” 5.V, Chekulaev, L.-P. Chen,™ W, Chen,™ L. Chevalier,”® 8. Chopra,?

5. Abachi,'? B, Abbott,™ M. Abolins,™ B. 5. Acharya,™ 1. Adam,'"" D. L. Adams,™ M. Adams,"” S, Ahn,'* H. Mg CMS Experiment at LHG, CERN

pe= 61 GeV/c,n = -0.4, @ = I.1

p:=73 GeV/c,n =-1.3, @ = -0.2

Electron p.= 41 GeV/c
n=04,¢p=-22

b-tagged Jet
p:= 109 GeV/c, n = -0.6, = -1.7

Mt =77 GeV

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -11-



( Heavy Quarks )

Quarks | ) (5 )
up charm top
‘+ " ' Fermion masses de s g
(large angle MSW) u-e .
= Vi—® eVs0Vs ce ue te
+ ’Ei'.? \ | 1o L1l | ol oo |1 v Ll ol
> vl ol i o 1l i o o v i e v s el il Lu B
< o 3 = = = o n
@
dn;wn stratnqe = 2 @ 2 o D
('E] ('E]

® Today established B meson states:

Mesons: B° = |bd), B~ = |bu),(B: = |b3)

B — b3
Baryons: A} = |bdu)

® Rest mass: 5.3 - 6.5 GeV (~6 x mass of proton)
e All B hadrons decay via weak interaction

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



(B Meson Decays)

e All B hadrons decay via weak interaction

Neutron beta decay: 12 — pe 1, B meson decay:

q, lep

q,V

e
— W
W < v b

=

® Higher order diagrams describe e.g. particle oscillations:

b W Vs s

E

BO Anti-Particle

Particle Bg g

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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( Overview of B Decay Diagrams )

q, lep
< b Ve ¢
_ W OV . J/ ¥
b - c W\.\\ e
Ky
q q d
External spectator Internal spectator

(semileptonic, hadronic)

VYa W ‘{b 5
Annihilation Oscillation

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

B ¢ & s
q
u/d uld
Penguin (radiative)
-—W
b, t

w/d w/d
Penguin (gluonic)

-14-



B Hadron Producers

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



( B Hadron Producers )

Overview of B Hadron Producers:

Y(4S5): ete” — Y(4S) — BB

The Players:
ARGUS & CLEO (Pioneers)
BaBar & Belle (B Factories)
The Future: Super-Belle, Super-B

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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( B Hadron Producers )

ZV: ete— — Z° 5 bb

e’ _

The Players:
ALEPH, DELPHI, L3, OPAL
SLD

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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( B Hadron Producers )

Tevatron: pp — bbX

e Lowest order O(a?) diagrams for bb production

(a)-(c) gluon-ghion fusion

(d) quark-antiquark annihilation

gl B il

(c) (d)

The Players:

LHCb, Atlas, CMS, CDF & D0
Other B producers:
Hera-B, FNAL fixed target

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

CDF:

;46 oeiohi.osia 5E

1EL (METS)= 5.9 Gev

2400794 0:15:01 12—0ct-97 |
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B Hadron Producers

Top view
(24mx12m) |

Collision region
(0.7mmx10mm)

primary vertex: 4

Face view
1mx0.5m)

£

secondary vertex -

54.2010 1:30:09
Run 69618 Event 12484 bld 1786

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12




Features of B Physics
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( Features of B Physics )

Elements for successful B physics:

1.High Rate B Production
LEP: ~ 0.9x10° bb= events per experiment (1991-1995)
CLEO: ~10x10° BB= events (9.3 fb-! in 1993-1999)
CDF: 5x10'1 bb= events produced (100 pb-! in 1992-1995, Run I;
Run II: ~10 fb-1 in 2001-2011)
DO0: no B physics in Run |, Run Il similar to CDF
BaBar: ~500 fb-1 (~500x10° BB= events in 1999-2008)
Belle: ~1000 fb-1 (~770x10¢ BB= events in 1999-2010)

LHCb: ~1 fb' @ 7 TeV in 2011; Integrated Luminosity[fb1]
expect ~2 fb-1 @ 8 TeV O e — j
in 2012 o f,ﬂ
600 r/J["/
w0 //_f"
/-
Belle & BaBar 4/;

1998 2000 2002 2004 2006 2008 2010 2012

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -21-



( Features of B Physics )

2. Excellent Track Reconstruction with Tracking Chamber

Excellent momentum resolution gives excellent invariant mass resolution
m® = (B + E;)° — (P1+52)° (A->a;a,)

T I I I T 1 1 I 1 I
CDF Run 1 125 - * [0 Data -
25000 110 pb™ - |IIIII Iy
,.& 100 i Q) .
~,20000 |- . % ;
> i
o 7
= ri
< 15000} - 2
~ 4
e E
g L
>10000} -
5000 -
0 5 W L »
29 295 3 305 31 315 32 325 33 M (GeVicY

o T (Gev/c’) _ DO0: No tracking chamber in Run |
CDF: dimuon mass resolution muon momentum from

~ 16 MeV muon chambers

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



( Features of B Physics )

2. Excellent Track Reconstruction with Tracking Chamber

Reconstruction of B mesons:

e CDF B> JP K*

® Typical B mass resolution: ~20-30 MeV
L =110 pb1 => N(B)=(998 £ 51)

- R+ - 0 =i BT ]
e CLEO. B" - J/L|J.K P ;
e Beam constraint: mg = \/Eﬁﬂm -5 = [ aFoO :
e Typical B mass resolution: ~2-3 MeV - . :

£ =3100 pb-' => N(B)=(198 +15) £ %} E
w10 - =
o il i

5.20 5.25 5.30

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

events/0.005 GeV/c

o
S
S

%
=
T

100}

50

0 L 1 | |
5.15 52 5.25 5.2 5.35 .2‘5.4
UpK™ mass (GeV/c?)

-23-



( Features of B Physics )

3. Superb Vertexing with Silicon Vertex Detectors

Exploit 'long’ lifetime of B hadrons:

peLLe SEEERAETL . .
SRS B (Note: vertexing resolutions)

Bxeanple of By ~ 1/% ¢ = whe KX B _—

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

-
BELLE EiFimte =re= () T TR i

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

Az=35TUm |

LI
L
J
1 .

g
i e 1

X
[

£

= -

) .j_-l-;'l 1y !J.‘IJ."HI] ......... ......... e e fed Ak T e Ry

R S K, g | ' ' . . . . . I . .
Ty, e | o = ; : ; : : : : T ;
J-I_IJIIIH-F.I J-I— ...................... AR R AR IR R s\ SRR

Miptp™) = DS 0V "

I M{E*E™) = LORE Gav/c”
Bel e M{p"w ETET) = 5.0806 Gev/o
- Polietu KTE™) = 155 Gevin

I.v = 3.B mm '

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -24-



( Features of B Physics )

3. Superb Vertexing with Silicon Vertex Detectors

CDF: Decay length of J/¥ mesons

& ' '
S CDF _
N SLot=90 pb™"
0 .
_.E ¥ +
E Bkgr. Parametrization
LIJ'IU 3 | ) Bkgr.+b—decoy contribution |
102 '_ .
1"*1.' ]
10 2 W |
"y |;i" "'IL I .
! 'FP“ M Y f ]
i !@Eﬁ T
dik )i E
0 0.2

A (em)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

04

Transverse decay length:
X - pp?/?

ToSdad

I/ . m(J/¢)

J/
ny

T/ = Ly pr(J/)

1

= LJ/Y.
(By)7

Xy
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( Features of B Physics )

4. Good Calorimeter to Detect Low Energy Neutrals

Crystal calorimeters (Csl, BGO, ...)

2540401-001
:\ T ‘ L ‘ L L |\ I‘I T ‘I\ LI
7000 ;= 134.3 MeV p ,>03GeVic -
6000 O =954 MeV 7 =
5000 CLEO -
4000 :
3000 |
3 2000 b
520005
“» 1000 E Both y's in Barrel =
= -
-% 0 -+t
£ 1000 #=133.8 MeV p ,>03GeVic
E [ o=5.6MeV 7 ]
3 800

600 -

400
200 f_ 1y Barrel, 1y Endcap

D_\ L1 | ‘ L1 1 | ‘ I | L1 1] | L1 1] ‘ L1 1 | ‘ L1 | \_
0.10 0.1 012 013 014 0.5 016 017

M, (GeV)

Excellent energy resolution translates into excellent

di-photon invariant mass resolution

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

CDF not well

suited for detection

events/10 MeV

of neutrals but not

impossible

events/30 MeV

5000 - -
CDF
s

s
o
(=1
(=]

)
o
o
o

v}
o
(=1
o

1000

Q==
0.0 0.1 0.2 0.3

Mass(y—y) (GeV)

3000 T T T T

| CDF

2000 - —

1000 — Mm\
0 J L ] | |

0.0 0.2 0.4 0.8 0.8

Mass(y—7) (GeV)
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( Features of B Physics )

4. Good Calorimeter to Detect Low Energy Neutrals
If calorimeter not well suited for low energy photons

=> Photon conversion:y > €€ (low efficiency)

Example:

Xe 2 JIp vy

CDF: X-ray of inner 8"
detector :

Manfred Paulini - HCPSS 2012, Fermilab,

8/14/12

-08 -07 -06 -05 -04 -0.3
SLO Azimuth (radians)

Events per 40 MeV.

300

200

100

Events per 5 MeV

600

500

400

20

15

10

T T I
02 04 06 08 1

M('ny) - M(u'n”)

Arbitrary Units
< e
=S

T T T I
12 14 16 18 2

GeV/czi

M(J/9) Gev/c*
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( Features of B Physics )

5. Good Particle identification

DELPHI Vertex Display

Runy 41541 Event: 1181
\

Cerenkov detector for
pion-kaon separation

Marmalised dE/dx

5 10 15 20 25 30
Particle momentum (GeV/c)

Eoor RICH

0.02 ! '
5 10 15 20 25 30

Particle mementum (GeV/c)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

B

DELPHI

specific

energy loss

dE/dx

CDF Time-of-Flight : Tevatron store 860 - 12/23/2001

| Time-of-Hight CDF

c'?)

d

1/B%-1 (GeVr

p/cq c
1=k | L 1 [r\lj LI LI

1 1.5 2
Momentum (GeV/c)

dE ‘dx (heWVicm)

S.III-I i (SN - i (EN T -

0.1 1 10
MMeomentum (GeVie)
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( Features of B Physics )

Summary of Elements for Successful B Physics:

® High rate B production

® Excellent tracking in tracking chamber and silicon detector
e Superb vertexing with silicon vertex detector

e Good calorimeter to detect low energy neutral particles

¢ Particle identification (pion/kaon separation)

e Efficient identification of electrons and muons

e Large coverage of solid angle (41t coverage / hermiticity)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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( Example ) Belle Detector

Aerogel Cherenkov cnt.

SC solenoid n=1.015~1.030

1.5T ‘

CsI(Tl) 16X,

A\
o\
”‘7}"1

7
N
b I 0 i

N =
- \ “‘

8GeV e &A h

TOF counter ___

King + dE/dx
all cell + He/C,H;

U/ K, detection
3 lyr. DSSD 14/15 lyr. RPC+Fe

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



= A |

; [ |
\..-Ln. L T I ia

i RS,/
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(LHCb Experiment)

LI;I Cb Vertex Locator

VELO

Muon System

RICH Detectors Movable device

35 mm from beam out of physics /

7 mm from beam in physics

+++++++

oint

~1cm

<>

Calorimeters

Tracking System

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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B Particle Properties

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



B Hadrons

Xbo(2P) |bb)

Xb0(1P) |bb)

- Mesons

Y (4S5) |bb)

Y (3S5) |bb)

Xb1(2P) |bb)

Xb2(2P) |bb)

Y(25) |bb)

Y (15) [bb)]

Xb1(1P) |bb)

Xb2(1P) |bb)

0] )

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

B0 |bs)

B*~ |ba)
B*0 |bd)

E21 |b5)

BY |bd)

1+

BZ) |bs)

B3° |bd)




B Hadrons - Mesons
- Baryons

Y (4S) |bB)
— P50 TGS 100 onzr) 16b) o2 (2P) 55)
Y(2S) |b5) _ _
Xbo(1P) |bb) Xp1(1P) |bb) Xp2(1P) |bb)

T (1S5) |bE)|
b

>, |bdd) B |b3) B2} |b3)
=, |bds)
B |bs) T BR8] [BTea B;” [bd)
| B~ |ba)| B*~ |ba)
B*' |bd)
0) o 1/2* 1 17 32t 2"

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -35-



Focus on: Masses, Lifetimes (Decays)

Why study B hadrons?

Hyd i
From Vatgorge" Heavy-Light
hydrogen atom _
to d : meson
B hadron e—< =
® (q : baryon
spectroscopy

e Heavy quark hadrons are the hydrogen atom of QCD
=> study of B hadron states = study of (non-perturbative) QCD
e Measurements of B hadron masses provide sensitive tests of

potential models, HQET and all aspects of QCD including
lattice gauge calculations

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -36-



B Meson States

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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—~ 6.0
. ‘o J~1/2 J=3/2
B Excited States S50 L0 L
= 1

E P o T v
e Until ~2005 only ground states B?, B+, B, 3 >OF . B
or excited state B* well established = 57 S
e HQET predicts 4 P-wave states for the 565
- *%k *k . AR
excited B ,4** & Bg 5 sF + ~'D-wave
- Two decay via S-wave => wide (~100 MeV) : o Narrow
- Two decay via D wave => narrow (~10 MeV) E ek hreshoid
5'3:_ Eé“’\{ Bud (s)
Reconstruct B in JAP and D° modes ot 5ot 00O
and add pion / reconstructed I . L=t
< 4500 5, D'r,D'— Kn
B](_] _ . B*+7T_; B*—f— — B@/ Emoo? TP ;‘K
2 3500}
B}® — B**n~; B*" — BY(7y) g
*0) +.— s gzooo ~3/K
BQ — B T § 1500
-_— 1000
Bt — J/YK+ Bt — Dt o
g st | IS R

50 52 54 56 58
M (D' (GeV/c?)

L

Fit mass difference
Am(B**) = m(B**) - m(B) - m(TT) TR iy K (Gevie)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -38-




Narrow By™ States

Results:

L CDF Il Preliminary L~1.5f"

S f w DO, L=1.3 fb" - ER Total Fit

© 250 B,>Bn

= - N=662+91 :

= B B, — B'n (shifted)

Z 200 B, - Bn

2 ¢

q:, R

“ - B,—»B'w

w 1000 B, > B"' (shifted) S

'g Y B, >B'T - ’ I:ﬁ':_:j'-r“;.-‘:! i

S 50/

<

[ | 1 I { 1SS [ I | | | | | L1 1 1 _::I
B2 025 0.3 035 0.4 045 05 055 0.6 0.65 0.7 JeANL

.0 0.2 0.4 0.6 0.8 1.0

M(B*1) - M(B*) (GeV/c?)
M(Bl) = 5720.6 £ 2.4+ 1.4 MeV
M(B:) =5746.8 £ 2.4+ 1.7 MeV M (BY) = 5725.35, 7711 MeV

PRL 99, 172001 (2007) M(B;ﬂ) — 573994—%;4—82 MeV
Measurements in agreement o

Q = m(Br) - m(B) - m_ (GeV/c")

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -39-



Narrow B, States

e Decay B<™ to Bg 71 Isospin suppressed
e Reconstruct Bg* -->B*K- with Bt --> J/iy Kt & B*--> DPrt*

2

-
Y
o

§ ” DO, L=1.3 fb™ N=125+25
§ 120 g . CDF Run 2
“ J00[- S 40FN=05+23 — Bk
o L o .
£ S 350 B'K
5 60 - — Background
w 8 25F
g 40— N Ak
£ - _|G_.J 201
Z 20f S 156
JI\L | T L vy P I S W R T R T E é
% 20 40 60 80 100 120 140 S 10F
M(B*K) - M(B*) - M(K) (MeV/c?) 5@6 -
M(B,) = 5839.6 + 1.1 + 0.7 MeV doo”oos om0 o150z
S M(B*K)-M(B)-M(K) [GeV/c?]

(Bs1 not significant enough, <3 o)
PRL 100, 082002 (2008) M(Bs1) = 5829.4 +£0.21 +0.14 + 0.6 (PDG) MeV

M(B?,) = 5839.6 + 0.39 & 0.14 + 0.5 (PDG) MeV
PRL 100, 082001 (2008)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -40-
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B. Meson B, = |b c)

e Weakly decaying particle which contains 2 heavy quarks l
q, tep

e Both quarks contribute to decay width
discovery mode

- via b quark: .
By — J/YX (b, T/t r) "

- via ¢ quark: )
- >0 50 _— 50)— B
B, — B, X (B,7m, B¢t v)

C

- via annihilation:

B~ — ¢ v/qaX B, DZ-V-Q;-W"-<;,V

C

® Theory predicts lifetime of ~0.5 ps

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

b q’vc
’ O J/ ¥
-
b b
L P
c 3
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B. Mass

e Use fully reconstructed

B — J/¢(—pTpuT) w”
for precise mass measurement
e 2012 world average B, mass:

m(B,) = (6277 * 6) MeV/c?

e Comparison to predictions:
Experimental measurements with small

PRL 100, 182002 (2008)

10 T T T T I I

Entries per 10 MeV/c?

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0
6.00 6.10 6.20 6.30 6.40 6.50

Mass(Jiyn) GeV/c?

uncertainties start to challenge theoretical B )=(62756+ 2.9% 2.5) Mevic?

mod

6600

6300

i~

6400

m, (MeV/c)

6200

6100 L

Manfred P

< 6300 F

els and lattice techniques

I I I I I I I
—_ (mw +m)/2
m potential models
e lattice QCD
v potential NRQCD
—CDF [0

average M(B,),,, = 6304 + 12 *18 ; MeV/c?
| | | | | | | |

(221  [23] [171 [24] [25] [26] (6) (7
aulini - HCPSS 2012, Fermilab, 8/14/12

=
o
TTT]

DY, 1.3 fb™

W W
S O
I
——

N
a
TTTTTTTTT

Events / (40 MeV/c?)
N
(=]

iy
a
TTTT

'y
o
TTTT]TT

(3]
TT]

C | | | | | | ++ H-I‘

%.BI I ‘5.8I 6I I 62 ‘ 64 I 6(? ‘ I6.8I I I7I I IZ).Z

PRL 101, 012001 (2008) M(uu7) [GeV/c?]
m(B,) = (6300 + 14 * 5) MeVic?




Bottom Baryons

2, - =p - Qp

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



Baryons with Up, Down, Strange and Bottom Quarks and Highest Spin (J =35)

Heavy B Baryons o

Motivation:

Until 2006 AP = |bd u)
was only established B baryon
=> Search at Tevatron for

>, = |bdd)

=y = |bds), Qp = |bss) &S

Two Bottom Quarks

Example: 2.

2,: b{qq}, q =u,d

H-atom: spin-spin interaction
= hyperfine splitting

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



Searching for: z}(*)+ = |buu) Ez()*)_ — |bdd)

El()*)o = |bud) El()*)o — A w0« difficult for
hadron collider

Search Strategy:
Use CDF two-track trigger to reconstruct:
+
s0E A £t
s Aj;‘ﬂ'_; Aj; — pK_'n"I_

e 2 decays at primary vertex
e Combine A, with a prompt track
toforma 2, candidate

e Separate Z,- and %, *

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -46 -



(o0}
o

e Data EBD +%
— Total Fit

CDF uses large sample of A ,: ~3000

v F
= 1400
g :

== Background

o~
o

m— Total Fit

------- Partially-reconstructed A,

(o)}
o
1 | I | ] | | l | 1 | I
v
Candicates / (
B
=]
T
l§
:f

Mo
o
I ]
'l.:
’ ._
—
—
——

—

------- Fully-reconstructed B

------------- Partially-reconstructed B

Combinatorial

Candidates per 5 MeV/c®

. Data

A, Mass Plaot

o

(o0}
o

60|

'"'“"'"”":'"'"“' 59 6 61 §2 i
m(A; 1) GeV/ic 40

Observe peaks with >50 w.r.t.

20}-

no signal TAVEN
O or As. Mass . 80 00 150 200
g} _ 0 _ _
State  Yield (MeV /c?) MeV /¢y Q=miAgm) - mAy) -m; (MeVic')
— — - PRL 99, 202001 (200
S; 30PHE 0y = 48573040 5807.8%20 + 1.7 e
S, 59 0s-=559%1.0%02 58152+ 1.0* 1.7
;0TI Ase = 21273000 5829.0+16+17
S 69T ISt 5836.4 = 2.0%18
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=,~ Baryon

Possible decay modes: hadron collider

= = |bd s) E,)_—>J/¢E/\
=p = |bus) B — B, J/PE? (AnD)
Search for =, ;

- Decays weakly through b-quark decay
Expect lifetime similar to B lifetime
(DELPHI: 1.4 % 0.3 ps)

- Reconstruct at Tevatron

=y — J/3 E
— Am
— pmw

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -48-



B
N o
o 12} - >
> ol DJ, 1.3 fb” o
o =
0w 8f  Data 8
% f N=15.244.4719, , 2
- 4 : 3,
c }E ©
i eyl

0_ A

5.8

R 96, 000001 (2007)
Both experiments see significant =, signals (DO: 5.50, CDF: 7.70)
e CDF: m(=,) =(57929% 25+ 1.7) MeVic?

e DO:M(=,) =(5774% 11 £ 15) MeVic?
e 2011 World avg: M(=,)) =5790.5% 2.7 MeV/c?

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

e DO: Lifetime 14 D@, 1.3 1t
S 12+ :
CO”S'Stent §10§§ ¢ Data signal w
) S 8l - Data sideband
with 2 6ffll — WCsignal + data bkgd
o 4
expectatlons S S o N
004 02 03 04 05

Proper decay length (cm)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

o N W =~ O o ~
T T T T111]

PRL 99, 052002 (2007)

L~1.9fb™

N L
yield=17.5+4.3 E
M=(5,792.9+2.5)MeV/c” -

3 NE17.5% 4.3 E

|| ——) l.ﬂﬂ.ﬂﬂ-

54 56 6.0 6.2 6.4
(J/ VE) [GeV/c?]
E, Mass
. Theory
7/ prediction
2_92 052001 (2007) ”IDJ:RZ'S:;S
CDF % e s
PRL99, 052002 (2007)
| | |
5.74 5.76 5.78 5.8 5.82

m(Z;) [GeV/c?]
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e Observation by DO in Aug'08 with 1.3 fbl data

(Builds on previous observation of =,)

e Observe 17.8+ 4.9* 0.8 events
e Report signal significance: 5.4c

o M(Q,) = (6165% 10 % 13) MeV/c?

(expect 5.94-6.12 GeVic?)
f(b — Q;)B(Q; — J/QOQ_) :0.8010.32+0'14
o /(b —~Z)BE, ~JIYED
s DEJ1.3 b’
S o * Data
S — Fit
2 10
g |
RSt ARSI AR T
+ S & & L & SR o |
56 58 6 62 64 66 68 7

M(Q;) (GeV/c?)
Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

Events/(0.04 GeV)

N B OO N B O
T T

N PO O®
EARARERRRER

PRL 99, 052001 (2007)

éib) DO wrong-sign

- 1.3fb" w

;ic) Q" sidebands

i,(d) A sidebands
0.

L | b | | mil L L

58 6 6.2 64 66 68 7

Mass (GeV)
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CDF 2009

e Comprehensive reconstruction of bottom baryons into J/y
Ag—>J/’t,bA; A — pr—; J/’(/)—>y,+y,_
2y, — J/YET; ET — AnT
Qp = J/YvQ7; Q7 — AK™
e Measurement of B° properties provides cross check:
B - g/ K* & B°— J/y KQ
e Observe structure of 16 signal events in Jiy Q with 5.5¢ signif.

s CDF, 4.2 fb™' g o
L @ ¢ | Q" sidebands
2, 25 o E
= 2 (1)58 6 MW 66”_|_| 58 7
Qg | [ | M(J /%AK), ct > 100 um
> i ¢ | wrong-sign b
& 05 2
8 J | E | NV [RS8 PRI | RO | VR | O | || Y RS S O 1 O
5.6 ©.9 6 6.1 6.2 6.3 64 65 66 6.7 62.8 5.8 6 6.2 6.4 6.6 %8 \//C27
e
M(J /Y)Y, ct > 100 uneV/c M(J/PAK?), ct > 100 um

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -5 -



e CDF observes Q, Baryon

e Relative rate measurement (assume kinematics |dent|cal toA)
oB(=, - J/Y=") _
oB(N, — J /M)
OB(Q, - J/YQ7) _
dB(N, — J /W)

=0.167" . (stat.) £0.012(syst.)

=0.04577 017 (stat.) £ 0.004(syst.)

e Summary of mass measurement 34
m(ZE; ) = (5790.9 4= 2.6 == 0.9) MeV/c
m (€2, ) = (6054.4 = 6.8 &= 0.9) MeV/C

e Summary of lifetime measurement
T(Ep ) = (1. 56+8 %g + 0.02) ps <-Firstfully rec.
(Qp ) = (1.13%932 +0.02) ps < First!

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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Measured and Predicted Masses
Qb BaryOn for the Z, and 0,

st Jenking (PRD 77,034012(2008))
Lewis et ol, (PRD 79,014502(2009))

@mparlson \/Vith m reSUIt: T Korliner et al, (Ann, Phys, 324,2(2008))

ST Systematic Uncertainties

e DO: M(Q,) = (6165 10 * 13) MeV/c? .

— b T * Eg F— PRL 99, 052001
=Am=(111% 12 % 14) MeVIc? W
.
u " g . |III|III|III|III|I~-'3:[:ll|III|III|III|III|
Significant disagreement !

Q - - CDF
b DO = PRL 101, 232002 e

5'-:i%h..|...|...|.|.||.||...|..-I

Rate rrEasurementS: 6 6.02 6.04 606 6.08 61 612 614 6.16 618 6.2

Gev/c?
DO: S = 22,)B(, — /YL ) =0.80%0.32701
S - Z)B(E, - JYE)

. OB(Q, - J /YY)
CDF' OB(=, - J/Y=")

In agreement ? Resolved by LHCb?

=0.27+0.12+0.01

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -53-



=, and Q, Baryons from LHCb

» Based on data of 0.62 fb~! collected in 2011
 Reconstructed modes
- Ep =]/t )E(A(pe)m™) Ngjg =72.21+9.4
- 25, = J/Ppup)Q (Apr)K™) Ngg = 13.9133

* Decay time cuts used to suppress background

~ 45pT T o T T T T T T
2 S i A
2 40 LHCb 2 12 LHCb .
e 35 W Preliminary 2 [ Preliminary -
2 § gf 14
- — — -

w 25 + 0 62 fb—l w i 0.62 fb

20 5:_ —

15 T -

10

5

n' L ) | 1 P L, M | by

5600 5700 5800 5900 6000 6100

0
M(J/p =) [MeV/cz] 5600 5800 SOI&(EJ/ 1EZS(_];'.'I) ?:::}SV/:’?]OO'

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



=, and Q, Baryons from LHCb

m(=,) = (5796.5 £ 1.2 £ 1.2) MeV/c?

CDF [2009]

DO [2007] : ®

LHCDb Preliminary [2011]

PDG average 5790.5+ 2.7

New average 5794.8 = 1.4

5750 5760 5770 5780 5790 5800 5810
=, Mass [MeV/c?]

CDF [2009]

LHCDb:
m(Q,) = (6050 £ 5 t 2) MeV/c?

LHCDb Preliminary [2011]

New average 6051.7 = 4.0

LHCb agrees with CDF

6030 6035 6040 6045 6050 6055 6060 6065 6070
Q; Mass [MeV/c’]

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -55-



=.0 Baryon

Observed by CDF in 2011 hadron collider

¢S, =|bds) T — J/w_;/ \
—_ 0

b=Ibus) Ep— B0, J/YE° (AxP)

e CDF uses hadronic track trigger data (4.2/fb)
to reconstruct:

O =
b c
[—
|-
|

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



— 800 —
=,0 Baryon | G

§
Observed by CDFin2011: £
e Mass measurements: g s
m(E,) = ! .
(5787.8 & 5.0 & 1.3) MeV/c? 20;
m(Eb_) s e

(5796.7 £ 5.1 £ 1.4) MeV/c?

m(E,) — m(E,) =
(3.1 £5.6 £ 1.3) MeV/c?
Using 2009 mass of =,

Candidates per 10 MeV/c?
o_..mw-hmm-q_umw-hmm-q

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -57-



CMS 1st New Particle
Discovery

(not the one at 125 GeV)

¥
T py /

Eb*O - Eb'T["l' - E'J/L,U T[+
- A\T-p+Hu—T1t+ - P+ =TT

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

- CMS Preliminary
60 PP \s=7TeV

- L=53fb"

candidates per 20 MeV
(@)
o

_‘_
b

N
o
..I|IIII|IIII|IIII|I

—e— From opposite-sign =

O

—— Signal+background fit

=, data

From same-sign =

Background fit

]
101 ) T
0 - I | | I I
5.6 5.7 5.8 5.9 6 6.1
MJ/WE) [GeV]

3 °F CMS Prelimi
E 14:_ PP, \s ;e;n;;r‘:fary e Opposite-sign data
E r L=5.3fb" —— Signal+background fit
Q12 | Background
n
L b)
g 10 - (
5 C 9
T 8 o
O f=
o 6f

4

2f \

— 1
0+ o l | T
0 10 20 30 40 50

MUVET*) - MUWE) - M(x) [MeV]



— 0*
b Baryon CMS Experiment at LHC, CERN
Data recorded: Thu Oel 13 U5238:12 2011 CEa

L T
) - Run/Event: 178421 | 533709680

1116.7 MeV
1315.5 MeV
3117.1 MeV
5787.8 MeV

15.7 MeV

=b*0 - =b-1tt+ - =-J/Y i+ - AT-pHu—Ttt+ - p+ TP AU T
Candidate event display

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



B Hadron Lifetimes

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12



B Hadron Lifetimes /d/

e Spectator model: b quark decays like free particle b e
=> All B hadron lifetimes are equal !

¢ In Reality: QCD => Lifetimes of B hadrons study
interplay between strong and weak interaction

e |-

B = |[Vexm|?d ) Agep)” L0, | H, "I gfé
Mo =V 2|;f(mb)<H|O|HV>\ WE -

e Heavy quark expansion predicts B lifetimes:

A
O (%{;D) meson vs baryon
non-perturbative effects

3
(@, (m) spectator effects (B° vs B* vs B%) (sumrules, OPE, lattice)

my

: - _ (e.g. Bigi, Uraltsev; Tarantino;
A”OW fOf preC| S€E predlctlons. Gabbiani, Onishchenko, Petrov; Lenz, Nierste)

(B r(BY) T(AD) _
‘T((BO)) = 1.06 + 0.02 (B = 1.00 & 0.01 T(B'(’)) = [(0.88 £ 0.05), 0.94]

=> Test validity of HQE => Supply input for extraction of CKM matrix elements

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -61-



A Brief History of (Life)Time(s)

VorLume 51, NuMBER 15 PHYSICAL REVIEW LETTERS 10 OcTosEr 1983

Measurement of the Lifetime of Bottom Hadrons

N. S. Lockyer, J. A. Jaros, M. E. Nelson, G. S. Abrams, D. Amidei, A. R. Baden, C. A. Blocker,
A. M. Boyarski, M. Breidenbach, P. Burchat, D. L. Burke, J. M. Dorfan, G. J. Feldman,
G. Gidal, L. Gladney, M. 3. Gold, G. Goldhaber, L. Golding, G. Hanson, D. Herrup,
R. J. Hollebeek, W. R. Innes, M. Jonker, I. Juricic, J. A. Kadyk, A, J. Lankford,

R. R. Larsen, B. LeClaire, M. Levi, V. Luth, C. Matteuzzi, R. A. Ong,

M. L. Perl, B. Richter, M. C. Ross, P. C. Rowson, T. Schaad,

H. Schellman, D. Schlatter,”®’ P. D. Sheldon, J. Strait,”

G. H. Trilling, C. de la Vaissiere,

J. M. Yelton, and C. Zaiser
Stanford Linear Accelevator Center, Stanford Untversity, Stanford, California 94305, and
Lawyence Bevkeley Labovatory and Depavitment of Physics, Universily of California,
Berkeley, California 94720, and Department of Physics, Havvard University,

Cambridge, Massachusetts 02138
(Received 2 August 1983)

The average lifetime of bottom hadrons was measured with the Mark II vertex detector
at the storage ring PEP, The lifetime was determi ing the impact param-
eters of leptons produced in bottom decayg, 7,= (12.0 fﬂ:giﬂ.m x 10" " 3ec was found,

MARK Il at SLACin 1983

T,=(1.207R £0.30) ps

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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B Hadron Lifetime History

1998 Hetl o
1997 - oPAL
1996 L RELp!
1995 A 8o
1994 - DELPHI
H—a—H OPAL
—+—H glﬁszH
1993 — pELPH!
—_— DELPHI
1992 e Rreh
——a—— L3
1991 —— — Rrek
1990 = = Oxford
1989 -— ’ MARK
1988 DELCO
1987 = | HRS
1 983 = } i Mark Il
PDG 2007
1 1 l 1 1 l | 1 l 1 1

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

1.5 2
B hadron lifetime [ps]



CDF Run Il Preliminary: ~1 fb”'

BC Llfetlme Data - J/y e
Total Fit
. + + — Signal
e CDF/DO use semilept. B;- — J/¢Yf~vX — bb
Fake Electron
e Main issue: control backgrounds i o, M
-------- Prompt Jhy
Fit prob. = 0.70
k N
il B3
AN
L L L R B BB B \\Q\
\ R
: N* o LI
102 ||\|x
CDF1 J/y-lepton |% . || 0.460 *0.50 +0.030 ps '1800 ; OP 1008 200?_ 30?10 4000
92.95) | | seudo-Proper Decay Length (um)
CDF2 J/y-lepton } I | } 0.463 *)07 +£0.036 ps
(02-04)
+0.038
D0 J/\y-muon }_‘_,_’_{ 0.448 " oo £0.032 ps
(02-06)
+0.042
Average '_,_‘ 0.453 " ;)0 PS

Heavy Flavour
Averaging Group

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

Theory predictions:
0.47 - 0.59 ps

| TR TR T TN T NN R
0.3 0.35 0.4 045 0.5 0.55 0.6 0.65

mean ©(B ) (ps)



N\, Lifetime in 2006:

¢ \\orld average:
T(A )=(1230£0.074) ps

TA)/T (B°) = (0.804 + 0.049)
e Theory prediction:
T(A,)/T(B% =[ (0.88+ 0.05),0.94]
e | ong-standing puzzle of
N, lifetime being smaller
than prediction

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

A, Lifetime 2006
ALEPH A | S 1.18 170 +0.03
ALEPH A II 1.30 720+ 0.04
DELPHIA, I V=7 111715 £ 0.05
OPAL A | 1.29 * )2+ 0.06
CDF Run I A, | HS—.— 1.32+0.15 + 0.07

DORunllJly A +—F =i 1.22 021 0.04
PDG 2006 4 1.230 £0.074

| |

1 2

A, lifetime [ps]
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A, Lifetimein 2007

w Fully reconst. A, ->Jp A
T(A)=(1218*010 1,5 £0.042) ps

TA)/T (B%) =(0.811*09% . +0.034)
Semileptonic mode A _->A pvX

T )= (129091 .11, % .001) PS
Results in agreement with PDG 06

Alsofullyrec. A, > I A

T(A)=(1580+0.077+0.012) ps
TA)/T (B°) = (1.018+0.062+0.007)
T(B% =(1.551+ 0.019+ 0.011) ps

BIG Surprise: ~30 above PDG06
But: T(B") comes out ok

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

A, Lifetime 2007

ALEPH A | — 1.18 )12 £ 0.03
ALEPH A° Il 1.30 720 + 0.04
DELPHIA,I +——=F4 1111070 +0.05
OPAL A, | 1.29 )2+ 0.06
CDF Run I A| e 1.32+0.15+0.07
DO Run Il A, | e —H 1.290 )20+ 008
DO Run Il Jiy A - 1.218 7).\ % +0.042
CDF Run Il Jiy A —=—i 1,503 *77% +0.033
PDG 2006 4 1.230 +0.074

! I

2

A, lifetime [ps]
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] . . CDF Il Preliminary, L = 1.1 fb"
N\, Lifetime in 2008 W SR
C ----- A, Other
5 L
/]

.........

CDE. New precision measurement of
A lifetimein hadronic mode A ->A Tt

~2900fully rec. A_->A Ttsignal events

0‘ "‘"" T —‘“--—. e

CDF Il Preliminary, L=1.1 fb"

— B Four-Track
------ Ay AK

—— Combinatorial
...... A, Four-Track
...... A, Semi-leptoni¢
Ay, Other

T(A,)=(1401+0.046 + 0.035) ps

T(A)/T(B°) =(0.922 + 0.039)

(1 (B°) from PDG07)

Candidates per 0.0025 cm

e \\brld best measurement in 2008 ,:,
=> as precise as 2008 |
world average

| 1 | 1 | 1 | 1 | 1 1 1 | 1 I | 1 | 1
0.05 0.1 0.15 0.2, 0.25
ct(A,) [cm]

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -67-



A. Lifetimein 2012  CDF result in good agreement with
- world average and theory prediction

 Longstanding puzzle resolved ?

T I LI | I [ I LI | I Fri I [ | I [ |—I
ALEPH A.lepton T | 1.180 "0 +0.030 ps
ALEPH Al | . [ | 1300 5300 +0.040 ps
0.240
OPAL ACE&%RBOSI; I: - II 1.290 +.0.220 +0.060 ps
DELPHI Alepton || . ! 1.110 "33 +0.050 ps
CDF A C;!}e 1‘2)(}_1’; I | ° | I 1.320 £0.150 +0.070 ps
91-95
CDE AT o 1.401 +0.046 +0.035 ps
CDFOJIH%\) __._l 1.537 +0.045 +0.014 ps
| 0.120 +0.087
1.290 "4 119 .01 PS
1.218 "% +0.042 ps
Average for PDG 2012 1.425 +0.032 ps
L1 1 I L1 1 I L1 1 I | I | I 11 | L1 1 I | I | I
1 11 1.2 13 14 15 1.6
Heavy Flavour
Averaging Group T(Ab) (ps)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -68-



=, Lifetimein 2012

—rl [ I LI L [ | ] LI | [ | I [ | I L
ALEPH Z-lepton | | | . | |
(90-95) | | |
DELPHI =-lepton -
(91-93)
DELPHI Z-lepton || . ||
92.95) | |
CDF JiyE | . |
(02-09) | |
Average for PDG 2012 e
I | I | I | I | I 11 l L1 1 I | I | I | I 1
1 12 14 1.6 1.8 2 22

Heavy Flavour
Averaging Group

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12

mean T(Z,) (ps)

0.37
1.35 "'_0-28

0.70
1.50 +_0- 0

0.55
1.45 +_0. 43

0.27
1.56 +_0.25

0.19
1.49 +-0.18

+0.16 ps

+0.30 ps

+0.13 ps

+0.02 ps

PS
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Summary of Lecture 1

e B hadron properties of old and new particles (=,%)

e Measurements of properties of B hadrons not just bread & butter:
- Precision B hadron mass measurements

- Puzzle with A\, lifetime resolved?

- Heavy baryons 2., =, €, established

J =1/2 b Baryons

- Next discoveries: =, Q) =c = - ?

e Not everything revolves around Higgs

- _
\y J=1/2

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12 -70-



Summary 2 of Lecture 1

"God doesn't play dice with the universe.”
(Albert Einstein)

"If only god would give me some clear sign!
Like making a large deposit in my name at a Swiss bank."

(Woody Allen)

Manfred Paulini - HCPSS 2012, Fermilab, 8/14/12
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