8.882 LHC Physics

Experimental Methods and Measurements

b Hadron Lifetimes and Other Essentials
[Lecture 18, April 13, 2009]



Organization

General question
e any?

Project 2
* nobody handed in yet :-)

Project 3

* is available on the Web, lectures will enlighten the subject
more, but you can get a full prototype going

- due May 2....

Final project: the conference
 May 19, 12:00 Kolker Room, is that ok?
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[ ecture Outline

b hadron lifetimes and other essentials
 motivation and theoretical introduction

* methodology and experimental challenges
* existing measurements

* project 3: outline

Convention used in the community

* b — quark of down-type pertaining to the third quark family
* B— meson containing one b antiquark and a non b quark
* b hadron — B meson or baryon containing a b quark

e charge conjugate states are generally implicit
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Motivation

Gain access to CKM matrix elements - mixing
- B mesons have accesstoV_, V , V

to’ ts
 remember the CKM matrix N

lifetimes
d f d Vud Vus Vub
s’ = V¥ ¥ S with V = Ve Ves Vi
b’ b Vie Vis Vi

V is Cabbibo—Kobayashi—-Maskawa matrix

o C t
oare (2) (2), (4
a /, > /i o/,

Conventionally: down types primed
e d'is mixture of d, s and b as described by CKM matrix
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Quarks and Hadrons

Lowest order: bare b quark width — spectator picture

i, ¢, l

d, s, U
b Vep(Vup) c(uw)

_G B _
Myy, (b — Q) = TZF Vg - @Y (1 = 15)b - £y, (1 = v5) Ve

62 m5 2 m

& — l =Ty receives modifications by quark and
I T gluon clouds
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Quarks and Hadrons

Hadronic effects on the width (/)
- Pauli interference (Pl), causes r, > ¢, (not obvious)

b C
Bu =
destructive interference »
b ¢
B, E
d d
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Quarks and Hadrons

Hadronic effects on the width (/)
e weak annihilation (WA)

* obviously opens channel for u,c

» shortens 7

 weak exchange (WE) (baryons: W scattering)

not obvious: spin conservation
shortens ¢

baryon
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Some Theory

Heavy Quark Expansion (HQE)

[(Ho — f) = Fg Q| CKM? [ e <HQ|50|HQ>+0‘” <H QicGQIH >
19273 5 \''@ “
_ A
+Z c(f) <HQI(OF,-q)(m“,-O)|HQ> +0 ( ESD)}
Details ?

 HQE assumes that quark is heavy: little influence from
light quark

* PI, WA, and WE correction systematically included
- perturbative calculations give ¢ 7~ 1/m 3

- lattice QCD (or sum rules): <H_|O |H >~ A,

* measurements are so precise, theory is well behind.... so
we do not measure CKM matrix but test HQE
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Test Heavy Quark Expansion

Measure all b hadron lifetimes
e form ratios for comparisons

« HFAG pages (http://www.slac.stanford.edu/xorg/hfag)

(B )/t(B")

(B )/t(B’)

(b baryon)
1(BY

Ll |

| 1|

] | L1

0.7

0.8
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lifetime ratios

1.1

1.0730.014
0.949+1.038
0.798+1.052

0.7840.034

1.2



Motivation to Measure Am, sin2B, y, a

Gain direct access to CKM matrix elements

* 4 fundamental parameter Standard Model parameters
e problematic is always the non-perturbative QCD part
- works for B and B_: frequency direct function of |th|2

t Y _ a W~ -
> S > 7 S \ ;/ b — WM \\

b -
l,f’ _ \. (c, u) ,. \ . \ / \
| | + - | | |I| t | T |' |I|
|'.\ B s }‘ W (_ _) W |'.|I B S I||'| |III B S ||" (C, U) 1 (_’ _) |II B S /.'|
\ — C, U N / \ . \ )
S s b “ VAAAMAA b
\____, Vts t / \ ? Vts w* \L_ /

Full calculation of above diagrams possible but
 large number of corrections because of quark/gluon cloud
 find quantities which are least affected

* find ways to intrinsically correct for hadronic effects
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Motivation to Measure Am, sin2g, y, a

/ Vud Vus Vub\

Unitarity condition: VTV =1 V=| Vo Ve Vg
\ Vie Vis Vi )
* S * S - ] -
51 + VgV Vg Vs + Vig Vi Vg V%, = - =,
" * I |
Vg Vi Vi
% * AV
b Vi o A= :in 0
Ve Veb ) ¢
1 P

Measure triangle in all possible independent ways and confirm its closure
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Theory Uncertainties - Am

Theory prediction for B B2 mix through box diagram
2

Amq X mBQBqu§q| Vi Vt; qg=sS, d
Lattice QCD calculations g S . A
A ,f —_— .\‘u, (C:- U) Ia'f '\1
Bgdféd =(246 £ 11 £ 25) I\/IeV2 B : Wé ?N | BS |
; e \ ..'
\ . ) (C U) I"-\ - /
Hadronic uncertainties limit ? M < v/

|Viq| determination to = 11%

In ratio theory uncertainties are reduced

2
Ams _ MBs 2 |Vl : = +0.047
A —de C AT with § = 1.21 0035

Determine (7 to ~ 3.4%

lain Stewart (MIT) is an expert of this, ask him
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Bag Model and Form Factor

The MIT bag model

* 3 non-interacting quarks inside spherical cavity

 condition: vector current disappears on boundary
* non-interacting — asymptotic freedom
* vector current zero on boundary — confinement

 model adds a factor to the predictions which depends on
the particular b hadron type B,

Form factors
» describe more general the shape of the wave functions
* hadronic particles: wave function of the contained quarks

Non-trivial to derive here, remember their meaning
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Experimentally ....

Various ways to measure lifetimes are possible

* inclusively reconstructed decays, ex. B — [ X

* semi-exclusively reconstructed decays, ex. B— /D X
 exclusively reconstructed decays, ex. B — D~ ()

* |lots of data: exclusive modes (theory uncertainties small)
from PDG web site

Scale factor/
Mode Fraction (I'; /T') Confidence level

Semileptonic and leptonic modes

[ /" vpanything [a] (109 £ 04 )%

P DO¢ty, [a] ( 215 £ 022 )%

M3 D*(2007)° ¢+ 1, a] ( 65 £ 05 )%

I, D1(2420)° ¢t 1 ( 56 + 1.6 )x10~3

[ D3(2460)0 ¢+ 1y < 8 x 10—3 CL=90%
(6 D~ nt ety ( 53 + 1.0 )x10~3

[ D*—nt ity ( 64 £ 15 )x10-3
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First Lifetime Measurement

Sample of high p_leptons

* lepton track impact parameter
* sign determined by jet direction
e 155 muon events

* 113 electron events

Experiments
o MAC: 1 .8i0.810.4 pS PRL51(1983)1022
¢ Mark ” 1 2i04i()3 pS PRL51(1983) 1316

Experimental details
 e'e” at 29 GeV

* 109 pb-

e 3500 bbbar pairs
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Experimental Ingredients

Decays of particle follow simple exponential
e N(t) = N, exp(-t/t) transverse plane

momentum vector

~ SV (B vertex)
Need to measure vertex vector

* proper time of Bdecay ~ py (primary vertex)
* geometric displacement in r-phi plane: |

« momentum in r-phi plane: p_(B)
o proper time: ct = m(B) ny(B) / p(B)
e distributions of number of candidates per proper time
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Experimental Ingredients

In the data see signal and background

* background has no lifetime (some accidental lifetime)
* mostly prompt, some mis-reconstructed, some real displaced

e proper time is smeared with detector resolution
e use event by event vertex resolution as measured

o E L

= ok é““ -« data

:E:. : E. 3 SIG: .Ct(B)

T 20 o °F BKG: M prompt

g £ -

» 200 S ) - short -lived
,m — 10 L.

® = short +lived
T 150[ S

= " long lived
S 100} vE

n
=
|
—h
IIII [
__._
—

0 5.20 5.25 5.30 5.356 - 0.1 .
2
mass, GeV/c ct,cm
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Experimental Ingredients

What we see in the reconstructed mass
* flat background: is mostly short lived

e Gaussian peak of signal

Significance of mass plot =
* mass does not determine Esmi
lifetime % Jsof
* independent handle on signal 8 |
and background: i
© E
* sideband represent background 2 %
e signal area can be cleanly E ol
corrected '
* likelihood does it all in one shot 20k

» for given m probability of signal
or background is easily derived
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Experimental Ingredients
What we see in the proper time distribution
 plot shown in logarithmic scale (y): expect exponential

e expect long exponential tail consistent with signal lifetime
(linear in log scale)

e expect a pronounced peak at zero ct: prompt background

e left side determines resolution function
£

Background details g2 + data

+ sideband show components & | sio :;f.:.pt
) Iong lived E , - short -lived
» asymmetric short lived D E shortlied

* separate bg fit fixes all . i long lived
parameters _

* sidebands have to represent 1¢

bg properly
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Existing Measurements

Archeology

Lifetimes bit the dust

today we look only at
ratios

earlier on lifetimes per

experiment were
compared

transparencies were
copied in '98

as you can see many

measurements with
various methods all
consistent

experiments are too
precise

Interest decreased

AW lifetime last interest ..

but also this one is settled by now

T I L) I ; rrr ! Trn ' Trh
L3 Topology |' - 1.6610.0610.03 ps
(94-95 Prel.) 'I New
ALEPH D' 1 f—e—ry 1.5840.0910.04 ps
{91-94)
ALEPH exclusive : . { LIS T e
(91-94)
CDF J/y K b et 1.681+0.07+0.02 ps
(92-95)
CDF }I}ql ot 1.637+0.058" 03 ps
DELPHID" | { i 1.6140.160.12 ps
(91-93)
DELPHI topology 1.72+0.08+0.06 ps
(91-93) ‘_'_._’-I
OPAL D1 i it 1.52+0.1410.09 ps
(91-93) 5 ‘
SLD vert. TE g3 I.Glfg:ii 10.07 ps
SED topology Lo 1.68610.025+0.042 ps
$3-98 Prel.) New
World average I_..l 1.67+0.03 ps
i i -1 g t L i I LL. i ] i - ’ dedod e
1.2 13 14 15 16 1.7 18 19 J,
LEP B Lifetime N
ﬁ? Q;éﬂg G'Oup ' (B }{ps) ; r tﬁi (.'.] CLrLAsE
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Existing Measurements

1.2 1.4 1.6 1.8 2.0 1.0 1.5 2.0
| | I | | I | | L | | I | | I | | | : | I
OPAL 1995 I : :E 1.52 +0.14 +0.09 OPAL 1995 - i_ i 153 +0.12 +0.08
; : : DELPHI 1995 ——H—k | 1.63 +0.14 +0.13
DELPHI 1995 b - 1.72 +0.08 0.06 -
HET ! DELPHI 1995 H——k - 161 "33 20.08
DELPHI 1995 } A — 1.61 £0.16 +0.12 ALEPH 1996 H & ; H 1.49 011 =08
: n | : *ﬂ.15
ALEPH 1996 } A - § 1:59 1321 0 ALEPH 1996 h & H : 126 i 2005
: DELPHI 1997 | e | 1.532 +0.041 +0.040
S0 18 —H 186 1006 003 | |5 pnieay 4+ 164 +0.08 +0.08
L3 1998 L 1.66 +0.06 +0.03 L3 1998 ; 1.52 40.06 +0.04
~ +H.052
CDF 1998 H—A—H 1.64 +0,06 0% | |CDF1998 1478 20059y
: OPAL 1999 1.523 +0.057 +0.053
OPAL 1999 ' j' 1643 20037 20.025 | | | EpH 2000 1.518 +0.053 +0.034
ALEPH 2000 —H 1.648 +0.049 +0.035 OPAL 2000 1.541 +0.028 +0.023
: BABAR 2001 1.546 +0.032 0.022
BABAR 2001 H—h— 1.673 $0.032 +0.023
: BABAR 2002 1.529 +0.012 +0.029
CDF 2002 t——aher 1636 10.058 10.025 | | cpF 2002 1.497 +0.073 +0.032
BELLE 2002 E_‘_H 1.695 +0.026 +0.015 BELLE 2002 1.554 +0.030 +0.019
] BABAR 2003 1523 02 10.022
2003 World Average o 1.671 +0.018 :
H 2003 World Average 1.537 +0.015
imi ¥ 1.659 +0.033 W g 10007
CDF 2004 Preliminary . . o -0.008 CDF 2004 Preliminary 1.549 #0.051 [
(not inc luded in e arerage) E {notincluded in the average)
L L - N L I | I | I
1.2 1.4 1.6 1.8 2.0 1.0 2.0

Tg ; picoseconds

’EBd, picoseconds
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Existing Measurements

1.0 1.5 2.0

| | | I | | 1 | | | | | |
ALEPH 1996 |—-—‘—| 1.54 11 +0.04
DELPHI 1996 H ' H] 1.60 +0.26 "1
ALEPH 1998 H j H 1.47 +0.14 +0.08
OPAL 1998 |——-‘—| 1.50 )% +0.04
oPAL 1955 S T Ry A
CDF 1998 i A i 1.34 2 10,05
CDF 1999 H—ﬂ 1.36 +0.09 "0oF
DELPHI 2000 H——-—‘—H 1.53 1% +0.07
DELPHI 2000 |—‘-.——| 1.42 72 +0.03
2003 World Average |-’-| 1.461 10.057
CDF 2004 Preliminary }—v——! 1363 +0.100 ‘3o
(notincluded in te average) :

] ] | | : | ] | | | ‘ | | |

1.0 1.5 2.0
Tg_; picoseconds
-
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Existing Measurements

A, Lifetime Measurements

/\, case open....

e was too small for
long time

* newest most precise
result from CDF “too
large”

e 3.1 standard devs
with world average

: I L ' I
World Avg [heory
6/ (W/o our
result) Our
" Result

0
0650, 70,7950 .80 ., 850,90 05 1

T (Ap) /T (Ba)nwo
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/T ppg 0.5 06 07 08 09 1 1.1 1.2

ERESERER 0 |EEEEEZRURIEapcRios g
ALEPH A_| ot 1.18 ¥+ 0.03
{91-95) '
ALEPH A° I'T | 2 | 1.30 ¥ +0.04
(91-95)
OPAL A, | ; @ 1 1.29 D21+ 0.06
(90-95) '
DELPHIA,| p—e—f 1.1 o+ 008
(91-93) '
CDF A | —e— 1.32+ 0.15 + 0.06|
(92-99)

0 +U 22

DO J/y A Po—e | 1.22 *24 0.04
250 pb  (02-04)
CDF Prelim J/y A° e— 1.59 + 0.08 + 0.03
1 b’ (02-08)
I|!IJ|EIJ|EIJ|IPID620q4]IIJ|III|III|Il||||
04 06 08 1 12 14 16 1.8 2 22

A, lifetime [ps]
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Mixing Measurements

opposite side = same side (vertexing)

opposite |
opposite

side lepton
side kaon < -
meson

- fragmentation
> kaon c* J
. 3 K*
B jet B hadron ST )

K D

Coliision Point L ypically 1 mm -
Creation of bb ‘

ct=L, —

D RunITI Preliminar
3 components needed d

= 0.6p
* flavor at birth "’é’ 0.4f
* flavor at decay z 0T
* proper time _G;
B mixing slow, 0.5 ps*' _, Combined|d|>0.3

* do not see full frequency 0.8 6o 01 o 0z oz

VPDL (cm)
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First B Mixing Measurement

Inclusive measurement at pp collider

LIKELIHOOO RATIO

10

10

1
10

10

1 1 |
L= T S w o~ oo~ —~

30’ / =
20 /
1o
| 1 |
01 0.2 0.3 0.4

X = Fraction of Wrong Sign
Beauty Hadron Decays

-Llog £

PL B 186 (1987) 247

Argus at the time excluded this value at 90% CL

Start of the pp B physics success story
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First B Mixing Measurement

At Y(4S) resonance

Time integrated mixing

N 110 o M 177 4L N NI
Argus yp=0.17/20.05 PLB192(1987) 245

Experimental detalls

Start of the Y'(4S) success story
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B° Mixing Measurements

s [T . Overall tainty: 0.8%
ALEPH DGl p—e— 0453 £0044 10024 pi” verall uncertainty. v.o%
ALEPH OIS |h——a— 0404 HO045 HOOIT ps 0
ALEFHYL - 0452 0039 £0044 ps” b 5 A O 5 /
DELPHLC e 0.493 £0.042 H0027 ps’ re e e r < . 0
D‘ELPHITM —a MysmmmmP54 _~ O
e zm=r but theory = 3.4%
DELFHI M% i - ~ 0523 10072 10043 Ps"l T T T T T T T T
DELFP 0531 H00Z5 L0007 ps”
Lk F—=—i B -L
ATLEPH 0.446 + 0.026 + 0.019 ps
0458 H0046 003D Pe, (3 analyses) |-|—-—|-|
ﬁi xﬁ x; ® DELPHI ' i 0.519 + 0.018 + 0.011 ps’*
sl o {5 analyses)
O} | = 0430 F0033 qam P 0.444 + 0028 + 0,028 ps™*
OPAL iQlet h—e—H 0444 H0029 5000 pst
OFAL D 98, b——— 0539 0,060 £0024 ps” OPAL — 0.479+ 0.018 + 0015 ps -
(90" 479+ 0018 + =
OPAL S} k - 4| 0567 to0Re T pet {5 analyses)
OPAL r Ol F—a—H 0497 10024 H0025 ps* 0.495 + 0.033 + 0.027 ps -
047007 to0adpet
0.503 H0.064 H0.07L ps™ 0.517 £ 0.009 + 0.013 ps'L
0500 HO052 +0.043 ps*
-L
0.5 16 £0.099 *102% 1oL Do |_|_,_|_| 0.506 + 0.020 £+ 0L016 ps
1 analysis
1509 20010 20016 p< {BABiR! 0.506 + 0.006 + 0.004 ps™*
0.536 H0.025 0006 ps* gy H b QLD = P
Do ""Hifiﬂ H—e— 0.506 H0020 £0.0 L6 ps” 4 analyses) . . L
BABAR n.ﬁ'{m&ﬂm e 0.5 16 10016 +0010 ps’ 0.509 £ 0.004 + 0.005 ps
BARARA! [ 0493 100 12 H0.009 ps”
09 H0.017 0020 ps* -L
LS T LIS pe
05 P Average of above o 0.508 + 0.004
0.503 HLOOE +0010 ps’ after adjustments
0511 +0.005 +0.006 p<* CLEO+ARGUS . 0.495 + 0.032 ps*
BABAR n{gé{ﬁluﬁtml b 0511 H0.007 H0.007 ps* {x; measurements)
BABARD R . 0.492 H00 L8 £0.0 L3 ps*
ks ) World average N 0.507 + 0.004 ps™
Average of 30 above [ 0508 10004 ps End 6
o GRESHARSYS —e—| 0495 £0032 ps” L
wort 0507 +0004 et 04 045 0.5 055
"I STETRH | | | IH I I I Bs "HFAG average 1
: : ! : : : without ad justments Am {ps )
035 04 045 05 055 06 065 d
Heavy Flavour 1
Averaging Group f'll'ﬂd {F!S )

Also mixing is not interesting until theory improves
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Conclusion

Lifetime measurements

* B lifetime was first measured in 1983 (MAC, Mark Il)

* a slew of measurements followed, all as expected

* big time is over, experiments are incredibly precise

* ultimate test of lifetimes: theory by calculating the ratios
Mixing measurements

* first B mixing result 1987 (UA1, Argus)

- a slew of measurements followed on B° mixing, B_ mixing

only resulted in limits ....
- finally last year 2006 B_mixing frequency was measured

 theory uncertainties a factor of 10 larger than
experimental

Interesting weak B physics still out there
* v, B, a and lifetime differences: A"
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Next Lecture

B Physics Trigger Strategies

* lepton based trigger

* high momentum, displaced track trigger
e combinations

* with jets....

Depending on how it goes | might show some more
interesting B physics measurements

C.Paus, LHC Physics: b Hadron Lifetimes and Other Essentials
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