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We use experiments to inquire
about what “reality” does.

We intend to fill this gap

Q )
The goal is to understand in the most
Theory & - that e
Parameters general; that’s usually also the simplest.
- A. Eddington
A
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Theory

146 10. Electroweak model and constraints on new physics

10. ELECTROWEAK MODEL AND

CONSTRAINTS ON NEW PHYSICS Particle Data Group,

Barnett et al
Revised August 1999 by J. Erler and P. Langacker (Univ. of
Pennsylvania).

10.1 Introduction

10.2 Renormalization and radiative corrections

10.3 Cross-section and asymmetry formulas 9
A i A “Clear statement of how the world works
10.5 Experimental results

10.6 Constraints on new physics

10.1. Introduction

The standard electroweak model is based on the gauge group 1]
SU(2) x U(1), with gauge bosons W}, ¢ = 1,2,3, and B, for
the SU(2) and U(1) factors, respectively, ahd the corresponding
gauge coupling constants g and g'. The left-handed fermion fields
Y = (:i) and (:f) of the i** fermion family transform as doublets

3 i
under SU(2), where d} = Z]— Vij dj, and V is the Cabibbo-Kcbayashi-
Maskawa mixing matrix. (Constraints on V are discussed in the
section on the Cabibbo-Kobayashi-Maskawa mixing matrix.) The
right-handed fields are SU(2) singlets. In the minimal model there are

+
three fermion families and a single complex Higgs doublet ¢ = (iu )

After spontaneous symmetry breaking the Lagrangian for the
fermicn fields is

— H
=Y % (ia—mi—gm )w,-

o Additional term goes here

g - R
—mzw,*y”(l—vs)(T+WJ+T W)y

—ed a4 ¥ v i Ay
:

_ g
2cosfy

>0 v eh — 840" i Za (10.1)

i

8w = tan"1(g'/g) is the weak angle; e = gsindy is the positron
electric charge; and A = Bcosfy + W3sinfy is the {massless)
photon field. W+ = (W1 TiW?2)//2 and Z = —Bsin iy + W3 cos by
are the massive charged and neutral weak boson fields, respectively.
T and T~ are the weak isospin raising and lowering operators. The
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Experiment

From Raw Data to Physics

0x01e84c10:
0x01e84¢c20:
0x01e84¢c30:
0x01e84c40:
0x01e84¢50:
0x01e84¢60:
0x01e84c70:
0x01e84c80:
0x01e84c90:
0x01e84ca0:
0x01e84cb0:
0x01e84ccO:
0x01e84cdO:
0x01e84ce0:

0x01e84cf0:

0x01e84d00:
0x01e84d10:
0x01e84d20:
0x01e84d30:
0x01e84d40:
0x01e84d50:
0x01e84d60:
0x01e84d70:
0x01e84d80:
0x01e84d90:

0x01e8 0x8848 0x01e8 0x83d8 0x6¢73 0x6f72 0x7400 0x0000
0x0000 0x0019 0x0000 0x0000 0x01e8 0x4d08 0x01e8 0x5b7c
0x01e8 0x87e8 0x01e8 0x8458 0x7061 0x636b 0x6167 0x6500
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8788 0x01e8 0x8498 0x7072 0x6163 0x0000 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8824 0x01e8 0x84d8 0x7265 0x6765 0x7870 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8838 0x01e8 0x8518 0x7265 0x6773 0x7562 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8818 0x01e8 0x8558 0x7265 0x6e61 0x6d65 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8798 0x01e8 0x8598 0x7265 0x7475 0x726e 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x87ec 0x01e8 0x85d8 0x7363 0x616e 0x0000 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x87e8 0x01e8 0x8618 0x7365 0x7400 0x0000 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x87a8 0x01e8 0x8658 0x7370 0x6¢69 0x7400 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8854 0x01e8 0x8698 0x7374 0x7269 0x6e67 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x875¢c 0x01e8 0x86d8 0x7375 0x6273 0x7400 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x87c0 0x01e8 0x8718 0x7377 0x6974 0x6368 0x0000

1/30th of an event in the BaBar detector
» Get about 100 events/second
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What does the data mean?

Digitization:
“Address”: what detector “Value”: What the
element took the reading electronics wrote down

v

Look up type, calibration info

v

Check valid, convert
to useful units/form

v

Look up/calculate spatial position

N

Draw
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The imperfect measurement of

Raw Data a (set of) interactions in the detector
A unique happening:
Events Run 21007, event 3916 which
contains a Z -> xx decay

(@ )

Theory & A small number of general equations, with specific
Parameters input parameters (perhaps poorly known)
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Phenomenoloqy

A good theory contains very few numbers
But it can predict a large number of reactions

Getting those predictions from the theory is called “phenomenology”

10.4. W and Z decays

The partial decay width for gauge bosons to decay into massless
fermions f; f is

GpM3
MWt —etp,) = W o2 226.5 4 0.3 MeV | 10.41a
{ e) 62 ( ]
- . CGpM3,
DWW — wd;) = — W V|2 = (TOT21) |V MeV , (10.415)
6/ 2%
—. CGpMj [
[(Z — ) = — £ [gi2 4 gi 10.41¢
(2 = wi@h) = — - o + o] (10.41¢)
300.3 + 0.2 MeV (wu), 167.24 £ 0.08 MeV (17),
= ¢ 3831402 MeV (dd), 84.01%0.05MeV (eTe™), From Particle
375.9 % 0.1 MeV (bb). Data Book

Our modified theory predicts a different rate for Z->uu
*This gives us a way to prove or disprove it!
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Raw Data

Events

Observables

The imperfect measurement of
a (set of) interactions in the detector

A unique happening:
Run 21007, event 3916 which
contains a Z -> xx decay

Specific lifetimes, probabilities, masses,
branching ratios, interactions, etc

A

(@

Theory &
Parameters

From Raw Data to Physics

A small number of general equations, with specific
input parameters (perhaps poorly known)

Bob Jacobsen August 2004



A simple analysis: What’s BR(Z->u+u-)?

Measure:

Number of 4" 11~ events

BR(Z’ - u"u )=
( HH ) Total number of events

Take a sample of events, and count those with a L™ final state.

» Two tracks, approximately back-to-back with the expected [p|
Empirically, other kinds of events have more tracks

* Right number of muon hits in outer layers
Muons are very penetrating, travel through entire detector

» Expected energy in calorimeter
Electrons will deposit most of their energy early in the calorimeter; muons leave little
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.E.LEPH DAaLI a+ E»_ e q T]_ = T e @ L BEun=15955 Evt=34%
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ALEPH " et e” —»>q g g —>hadrons
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ALEPH " et e” —»>q g g —>hadrons
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.E.LEPH DAaLI BEun=15955 E~vt=2012
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Summary so far

We have a result: BR(Z->u+u-) = 2/45
But there’s a lot more to do!

Statistical error
* We saw 2 events, but it could easily have been 1 or 3

* Those fluctuations go like the square-root of the number of events:

N,U,U i N/W
N N

total total

BR(Z' -y )=

* To reduce that uncertainty, you need lots of events
Need to record lots of events in the detector, and then process them

Systematic error

* What if you only see 50% of the p+L- events? N — &N
. . . Ml seen HU
Due to detector imperfections, poor understanding, etc?
0 N N__ [€ _
BR(Z' = ' ):Ln/ £=0.50+0.05

N

total
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Our model so far...

Raw Data
Reconstruction
v
Events
Analysis
Observables
A
Phenomenology
) )
Theory &
Parameters
A

From Raw Data to Physics

We “confront theory with experiment”
by comparing what we measured, with
what we expected from our hypothesis.

Bob Jacobsen August 2004



The process in practice:

The reconstruction step is usually done in common

* “Tracks”, “particle ID”, etc are general concepts, not
analysis-specific. Common algorithms make it easier
to understand how well they work.

* Common processing needed to handle large amounts
of data. Data arrives every day, and the processing
has to keep up.

Analysis is a very individual thing
* Many different measurements being done at once
» Small groups working on topics they’re interested in
* Many different timescales for these efforts

Collaborations build “offline computing systems” to
handle all this.

From Raw Data to Physics

Raw
Data

Production
Reconstruction

Analysis
Info

Individual
Analyses

Physics

Papers

Bob Jacobsen August 2004



Reconstruction: Calorimeter Enerqy

Goal is to measure particle properties in the event
* “Finding” stage attempts to find patterns that indicate what happened

* “Fitting” stage attempts to extract the best possible measurement from those
patterns.

AIIE PH DALI_D7
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Finding

Clusters of energy in a calorimeter are due to the original particles
* Clustering algorithm groups individual channel energies
* Don’t want to miss any; don’t want to pick up fakes

Many algorithms exist
* Scan for one or more channels above a high threshold as “seeds”

* Include channels on each side above a lower threshold:

60

50

40

30

Em=ngy

20

1 —

10
| — | _

—] -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Channel

Not perfect! Doesn’t use prior knowledge about event, cluster shape, etc
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One lump or two?

Eme=gy

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

1 2 3 4 5 6 7 8
Channel

Hard to tune thresholds to get this right.

Perhaps a smarter algorithm would do better?
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Fitting
From the clusters, fit for energy and position

» Complicated by noise & limited information
Simple algorithm: Sum of channels for energy, average for position

-1 1] +1
—0.5+0.5
50%, 50% Cluster at 0, evenly split =0.0
2
—0.85+0.15
85%, 15% Cluster at -0.5, unevenly split =—0.30
-1.0+0.0 _
100%. 0% ‘ Cluster at -1 5 — .
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Empirical corrections are important!

Once you understand an effect, you can correct for it

But you need data ...

HC MC.

1—=L3 1—L3
2 [ x
< T <
0 u;
_1H_lllltl|:||l- _1_|,,.J|,,”|
-1 0 1 = | 0
Xin Xin1

Figuwre 8 Corvclation between the posilions measunesd wilk (& ;
™ I it cemler of pravil
e (4, ) snd () e rECoRALnecled poeialanms LYoo ) va the noiusl positions (Xl 11'-:

resalls Gie derined from %000 F <= ¢ 5~ decays simmslaiey i iE
m e 1.3 B caloriameter (44), ol Hismie Carlo
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Analysis: Measure BR(B—>J/¥ K*)

Neither J/'¥ nor K* is a long-lived particle
* Detector doesn’t see them, only their decay products K*—>Km

Take all pairs of possible particles, and calculate their mass

m'=E"’ _pz :(E1+E2)2 +@1 +]32)2

If its not the K* mass,

that combination can’t be a K'—>Kn N*; 1200

=
If it is the K* mass, it 21000
might be a K* 2

= 800
Signal/Background ratio LI I
is critical to success! 600 *

0.75 0.8 0.85 0.9 0.95 1 1.0
M, (GeV/c)
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Next, look for J/'Y—>e+e- and J/V—>u+u-

WJJIﬁpl T T 1 11 = T Iflélillll TT 11 L
Hink L 1G74E-+0E & 1774 i
o B H 1 ] U EEEHaE G
(OMmET 005+ LIERIE-01 3 n 3
1 qJ:]D :ﬂ'lrrﬁ OLOXEE-01 £ L _: EDDG __ __
1200 | = - :
1000 E EL E
e 1 tomo B =
G0 — [~ N
400 | ER 3
200 0 T =
D :I I 1 1 1 I 1 1 1 I 1 1 1 I 1 G ||||I|| | | II III IIIIII 11
2.6 2.8 i I3z 28 28 31 a1 32 33
MJ/ iy —> ee M J/ W — pai

Why not J/'¥Y—>hadrons? Too many wrong combinations!
*Only a few e/m in an event, so only a few combinations

» About 10 hadrons, so about 50 combinations of two

Some are bound to at about the right mass!
Note peaks not same size, shape
* Do we understand our efficiency?
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Monte Carlo simulation’s role

Calculate what imperfect detector
would have seen for those events

Randomly pick decay paths,
lifetimes, etc for a number of events

Calculate expected branching ratios

From Raw Data to Physics

Raw Data

A

Events

Observables

(@

Theory &
Parameters

Treat that as real data
and reconstruct it

Compare to original to
understand efficiency

Bob Jacobsen August 2004



How do you know it is correct?

Divide and conquer
* A very detailed simulation can reproduce even unlikely problems
* By making it of small parts, each can be understood

* Some aspects are quite general, so detailed handling is possible
Why does it matter?

* We “cut on” distributions

* Example: Energy (e.g. signal) from particle in a Si detector

- ' - ] Take only particles to left of blue line
0 | A o exp. values FAP 1§ .
P | \\ N EE 1] Dots are data in test beam
Ak e ' ; Two solid lines are two simulation codes
£ =y Mmﬁﬂﬁ\ ?
c }Jxri r?
Ba '
10-* 1 = 4 + . . . .
e e One simulation doesn’t provide the right
energy {keV]
: v
Fig. 15 Comparison of measured and simulated energy efﬁClenCy'

deposition in 530 ym silicon for 1 MeV electrons
(experimental points see [30]).
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plom s

e

2Kl

2Kl

15K

10K

2.5 2.5 - LA bl 3 3.1 3.2 33 o 28 285 25 L8h K| 308 31 318 32 3Ja8 313

JOg = ee, On Peak SO = G, On Peak

Figure 18: Observed mass distribution superimposed with uds, cc, generic BB
and signal MC events for (a) J/iy — eTe™ and (b) J» — putu™.

The tricky part is understanding the discrepancies....
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Finally, put together parts to look for B—>J/¥ K*

Details: :;;-.;.,;.?.Iiliﬁém...,...,...?
 Background under peak? . Fake B~ rl .
« Systematic errors on efficiency % E :

= oS ebhar ]

... EOr = e Ih[ :
400 (P. Robbe) l .

5.3

Mes (Gol/,/c?)

When you get more data, you need to do a better job on the details

From Raw Data to Physics Bob Jacobsen August 2004



Analysis 2: Lifetime measurement

Why bother?
Standard model contains 18 parameters, a priori unknown

Particle lifetimes can be written in terms of those

F(Q — qlv)_ e Wlel Qq‘
aﬂje
(o %een
b
7 Tt

N |
\G‘( ; b ML ey

“Measure once to determine a parameter

Measure in another form to check the theory”

Measure lots of processes to check overall consistency

From Raw Data to Physics Bob Jacobsen August 2004



Reality

Raw Data

Events

Observables

Theory &
Parameters

From Raw Data to Physics

A model of how physics is done.

The imperfect measurement of
a (set of) interactions in the detector

A unique happening:
Run 21007, event 3916 which
contains a J/psi -> ee decay

Specific lifetimes, probabilities, masses,
branching ratios, interactions, etc

A small number of general equations, with specific
input parameters (perhaps poorly known)

Bob Jacobsen August 2004



B lifetime: What we measure at BaBar:

B, ﬁ%ﬂl“}-’ reco’d decay
I___,_..-l-"'""-

B- _ _—— .
2 Az T\\*\. other tracks m evt

dN o< exp(—Az) / B,y ¢ Tp)

Unfortunately, we can’t measure Az perfectly:

i i 0,006
E & .
E am I|'| Ly — Z] E | P
; R I L .
ﬁnme.— ] 1I E : ; .
:.'I| [i um' I.|
006 LE Lk - \
iR — s .
I:I.l:-l:l-'l: '.."I ‘Ill\ i ! |
I. I I. l-
_ Yy I'l,l umz:— / \
L t . : o b
I].Il]E' I.'- IIII. .\_\-H\ D.ﬂ'["': .-l-l_.-'l l“'\,%
| ST _ i i NI P I ¥ S SN 7= o] BRORIV] VLt " TAL WP Wl CALC AT 18
. o N Diigp Tima Diffarsnes [I:?i:l b | Diili?' 'I'II'I"I:'IHEIEI'IEE[II?H]
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First, you have to find the B vertex

To reconstruct a B, you need to look for a specific decay mode

(Un)fortunately, there are lots!

Each involves additional
long-lived particles, which
have to be searched for:

D*+ -> Do pi+
D*0 -> Do pi0

Do > K- pi+, K- pi+pio0,
K- pi+ pi- pi+, KoS pi+ pi-

D+ -> K- pi+ pi+, Kos pi+

KoS -> pi+ pi-

From Raw Data to Physics

B0->  D*+ pi-
D*+ rho-
D*+ al-
D+ pi-
D+ rho-
D+ al-
J/Ps1 K*0Obar

al- -> rhoo(-> pi+ pi-) pi-
rho- -> pi- pi0
pi0 -> gamma gamma

Psi(2S) -> J/Psi pi+ pi-, mu+ mu-, e+ e-
J/Ps1 -> mu+ mu-, e+ e-

K*obar -> K- pi+,

Bob Jacobsen August 2004



And some will be wrongq:

- = : — - —
2 700 " Troe 5+ ' ' |
2 Fake B*- ; ] ]
& "0 E soo- BABAR y
£ c/ehar . “ ]
L — o~
E 0L = uke : 3
7 ESOO— .
400 (P. Robbe) l . g -
- =
S
i i 2,001 i
300 - - §*° |
L - =3
X i £ _
i i £
200 E G200 —
100 | . * A it ]
: 8} P T I T T R T R R SN M S
; o R e e ] 5.200 5.225 5,250 5.275 5.300
Dsi 5..'“:2 524 T -y EE_ 5% Beun-Energy Substituted Muss (GeV/r:2)
Meg (Gelv/cT)

Have to correct for effects of these when calculating the result
Including a term in systematic error for limited understanding
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Next, have to understand the resolution:

Studies of resolution seen in Monte Carlo simulation:

b1 = =0.250 0.018
S500— 51 =1.288 £ 0.016
= | }H‘l b2 = -1.7% 0.3
E L 52 = 5.04 £ 0.31
£ 900 nf = 0.9467 + 0.0084

g
L.

8
L .

2
|T||

s

G+G it to At “pulls™
i D*1v signal MC

W'

16

5 1] 1 10 s
(B Truth rasidual )y Par—ewan wror)

But __ . __, __ _____.
* Find ways to compare data and Monte-Carlo predictions
» Watch for bias in your results!

i e e - Tt
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Combined fit to the data gives the lifetime:

You can’t extract a lifetime from one event - it’s a distribution property

N(t)= f(t;,7) ® G(a,b,c,d)+ b(te, f,2)

Try different values until you ‘best’ fit the data

Events / 0.5 ps

2503—
zoof
150f
100f

50F

-10

T, = 1.602 £ 0.049 (stat) £ 0.035 (syst) ps

0_ HILCRE o
&

6

4

-2

0

2

4

BABAR
2000

6

10

Events / 0.5 ps

2503
2002
1503
1003

50f

-_-. L | H =]
-0 8 6 4 2 0 2 4 6 & 10

T,0= 1.506 £ 0.052 (stat) = 0.029 (syst) ps [PDG= 1.548 £ 0.032]

[PDG=1.653 £ 0.028]

Note that systematic errors are not so much smaller than statistical ones:
2001 data reduces the statistical error; only improved understanding reduces systematic

From Raw Data to Physics
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Why does tracking need to be done well?

N

1 CART IMAGINE
MRSTERING THE SKNIS!
ITMOLED HERE
VINHOAT A CLEARER
UREERSTRNDING CF
WIo's GONG 10 BE
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Summary so far

We seen some simple analyses

We have a model of the steps involved

. Reality
We’re starting to see details of how its done

Events

A

More detailed examples tomorrow!

Observables

A

A 4

Theory &
Parameters
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