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High Energy Physics

High Energy Physics
The ultimate structure of matter and the
Goal i - i
understanding of the origin of universe

Supersymmetry >

Direction
Unsolved Problems
SUSY Particles Unification of
Interactions
Standard Model
(quark - lepton, >
Interactions) Symmetry and Conservation Laws
Charae Conitinatinn—Paritv \/inlatinn
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Unsolved Problems
Existence of New Interactions

Higgs particle(s)
Quark Mixing
etc.

Extended Models
Composite Models
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Unsolved Problems

Unsolved Problems

Antimatter in Space
Dark Matter

Leptoquarks
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ow to know any of this?
(Testing Theory)

® Example
. Source
— Light bulb (Source) @ .
— Tennis ball (target)
— Eye (detector) { Detector

P
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ow to detect?

How we see

different-
sized
objects:

electron
microscope
accelerator




ow do we experiment with
tiny particles? (Accelerators)

® Accelerators solve two problems:

— High energy gives small wavelength to detect
small particles.

— The high energy create the massive particles that
the physicist want to study.
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To probe the Standard Model and search for New
Physics

Theory
CDF

Belle/Belle 11

cf. LHCb

K.Cho and H.W.Kim, JKPS (2009)



CDF*@FNAL, USA

7 " A4
LHC@CERN,Europ S e— QA o :

-t"
¥, O/
)

. .
et =
s
-
-. ‘.‘ ‘ s )
g e
- -

e

e—Science @KISTI

*Collaboration
« StE2XISEIHTA CDF 18 8= WEY (ZJ|8)L 0
* Belle Il Data Handling FZ 8% (XJ|&)



Energy frontier experiments
LHC, ILC, ...

Higgs, SUSY, Dark matter,
New understanding of space-time...
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24 KEKB upgrade

New particles
and new interactions

al __— 4
- e V. T
' SR \\\\
& ballows 1
|t
o - '_-_T_-:'I More AF sources t‘ r

LIS o
'. 0‘1’ !
‘ |I Moare AF cavities

Be approaches

SGe_V 3.5CeV
Positron beam — Electron beam
4.1 A

9.4 A

Eneray ewshange
C-band
> ? ’d-\ Damping ring
.
&

{ * -
oy N
._(’J't. \ o v 'y i

Super B Factory at KEK

Super-B Factory,
Kexp., etc.

Neutrino mixing/masses,
Lepton number non-
conservation... CP asymmetry, Baryogenesis,

CETt-rant symmetry, New sources
M. Yamakuchi, Belle Il meeting (2008)




Heavy Flavor Dhysics —xXperiments
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Why do we do experiments?

® Parameter determination

— To set the numerical values of some physical quantities
— Ex) To measure velocity of light

® Hypothesis testing

— To test whether a particular theory is consistent with our
data

— Ex) To check whether velocity of light has suddenly
increased by several percent since beginning of this year
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Type of Data

® Real Data (on-site)
— Raw Data : Detector Information
— Reconstructed Data : Physics Information
— Stream (Skim) Data : Selected interested physics

® Simulated Data (on-site or off—site)

— Physics generation : pythia, QQ, bgenerator,
CompHEP, ...

— Detector Simulation : Fastsim, GEANT, ...
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Research

Procedure

Off-sites (KISTI + other institutions) j

Reaction
Simulation Detector
= Event Simulation

Generation

Accelerator (LHC) Detector

Data
Analysis

Data
Reduction

< On-sites (Experimental sites)
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® trror
— Error : the difference between measurement and true value
— True value

« We don’t know it

— Statistical error
* Error due to statistical fluctuation

— Systematic error

« More in nature of mistakes due to equipments and
experimentalists

® Experimental value : Meas. + stat. error + sys. error
Example ) m(top) = 175.9 + 4.8 + 5.3 GeV/c2 (CDF, 1998)
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Why estimate errors?

® [0 know how accuracy of the measurement

Example
— The conventional speed of light ¢=2.998 X 108 m/sec
— When the new measurement c=3.09 X 108 m/sec

— Case 1. If the erroris £ 0.15, then it is consistent.

 Conventional physics is in good shape.
« 3.09 £ 0.15 is consistent with 2.998 X 108 m/sec

— Case 2 . If the erroris #0.01, then it is not consistent.
« 3.09 £ 0.01 is worid shattering discovery.

— Case 3. If the error is £2, then it is consistent.
« However, the accuracy of 3.09 +2 is too low.
» Useless measurement
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Examples) Bad and Good

oL (Integrated Lum.) :
*Nsig : 4403

*A (Total acceptance for W—>enu) :

5169.26 nb—1 +/- 0.02

0.22212

«Cross section * BR=Nsig/ (A *L) = 4403/ (0.22212%5169.26)

Cdfnote 6681,

Using 720 pb™* of good Run 1T CDF data we measure
0 Blpp—=W—ev) = (2753 £ 00105 0.0845 £ 0,163y ) 1D,

7 Br(I® = e*e7) = 2000+ 6.3(stat.) £6.7(syst.) £ 15.7(hum.) ph

= 3.83471 nb
[ W transverse mass corrected for Jets | [W_mt_corr
- |Entries 2303
350~ Mean T0.58
r |Hﬂs 13.36
300 :- A l
: Al
I |
250 Jr | Data (blue color)
E I | MC:w->enu, z—>ee (black)
200 i
150- |
100 L
E [
50/ g 1
l'l.r" L 'J :

Bad

T O S PO a0 DU I Cil
0 20 40 60 80 100 120 140 160 180 200

Background Estimations

* Integrated Lum. 204563 +/- 12045 Pb-1
. Nop = |Ldt x - Brx(e-4)
MC ipythia) &-A - Br (Ph) hre-::p
W—ev :?:32_; T 12?15;’53 zil— 190 | 113864 +/- 7858
W—rrv *I»Iw_fz:,:; . 1251223: t_— 270 | 1378 +/- 142

Ll y—ee

avadt f20asnh =

(cdf §281)

0.018441 2615 +/- 318|987 +/- 120
.. 1408 / 504000= | (cdfs2an)
ZIy =TT |} sonre 2615 +/- 319 |148+/- 18
- 43640 / T32500= | (cdfSB02)
i 0.058584 47 +-24 57 +/- 28

oc,

i

3833 +- 207 ssiat)

Feb. 10, 2004

WEGY mesting

Good
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ow to reduce errors?

® Statistical error
— Repeated measurement
— N ! the expected number of observation
— o = Sart(N) : the spread

® Systematic error
— No exact formulae
— |deal case : All such effects should be absent.
— Real world : An attempt to be made to reduce it.

21



oW to solve systematic errors?

® Use constraint condition
— Ex) Triangle

® Calibrations

® Energy and momentum conservation
— E(after) — E(before) =0
— |P(after)| — |P(before)| =0
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Tl"\l\ ¥y N\ M : mm <N 'F {I\I’I’f\ I’\
11T 111CA Illg IG\CIIUI}
® Distributions x —> n(x)
— Discrete
« ex) # of times n(x) you met a girl at age x
— Continuous :

« ex) Hours sleep each night (x), # of people sleeping for time.

—> For an even larger number of observation and with small
bin size, the histogram approach a continuous distribution.

® Mean and Variance

® (Gaussian distribution
— |n case of larger number of observation
— |t is important for error calculations
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CQOT tracks

Parformance

- | p0 = 2204-19.23
E p1  =-408.74-70.28
700 P2 =202.3 +- 6247
E N = 2335+ 57.03
00— Mass = 04881 +0.0001854
c Width _=0.00758 +- 0.000224
500
E + o —
wof K 2 n'n
300
200
100E W
D_ | | M PR PRI B AR W

07 08 08 1
Mim =) (GeW/c™)

=]
[=]
i
=]
ha
o
o [
=]
=
=]
&}
L=
m

‘ Residuals - Good Hits I GlobalGoodHitR esid
" = Hent=739930
ESUDDU: Mean =0.0001553
Lﬁsgggg:— RMS =0.02136

s =

9 E

Froooo

E C

Seooo0

50000 =—

40000 —

30000 —

20000 =

|0000} - -

T  Hit Resolution

02 -0.15 -0.05 0.05

Residual distance (cm) ~200 um

Ee Goal: 180 um
w
o i oal : u
= QDD:— p2 Saaeld 0
2 ob N  =2028+4-68.78
N = Mass =1.116 +-8.4056-05
8700 Width = 0.00255 4+~ 0000105
E
W g0
500
)=
B00F A a _
200 T p
100
pl b b bl b e e L L
1 102 104 108 108 1.1 112 114 118 118 1.2

M(p, ) (GeVicT)

24



Mean and Variance

True Value |Measurement
Mean
U X
Variance
o2 g2
Standard deviation o) S

In fact, we don’t know the true value in the real world.
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Mean

® Mean
— N events has the value of (x1, x2, x3,... xN)

i:—zxi
N

® Median — Observation or potential observation in a
set that divides the set so that the same number of
values, it is the middle value; for an even number it
IS the average of the middle tow

® Mode — Observation that occurs with the greatest
frequency

— When do not know true \/2661|U6



Variance

® \/ariance
— When know true value

g2 — Z(Xi _/u)z
N

— When do not know true value

82 . Z(Xi _X)Z
. N-1

27



Accuracy (8)

® |[n order to know the accuracy of the
measurement
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Gaussian Distribution

15 00 T T T T T T T T T T T T T T T ?LS?-EIO‘I TOO1

— T
| D= K az*sw*" Double Tags _
| 1 1 CLEO-c _
| Gop = 1.2 MeV!cz _]
E 1000} —
o B a
= = a
g | ]
=
= n |
§ 5001— ]
0 I 1 1 1 1 I 1 1 1 I 1 1 | 1 1 1 1
1.860 1.865 1.870 1.875 1.880

M (D) (GeV/c2)

* In case of large size of data
e (Gaussian distribution 1s the fundamental in error treatment.
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Gaussian Distribution (cont’d)

® The normalized function

Y == exp{—(x— u)* 127}
27O
® Mean (p
® Width (o)

® \Vidth (o) is smaller, distribution is narrower.
® Properties

U+o
j f (x)dx = 0.68
U—C
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Gaussian Distribution (cont’d)

12
10

S N &~ O @

« Mean (n) is same as zero.

« However width (o ) is different.
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[ A RooFlot of "Mass({B —JhprKT)™ |

200

130

100

T e A 345 5.5
Mass{B*— k")

[ A RocPiot of "Mass( wi2s1)" |

L 1 P Y P |
E.E I E6Z I 64 I BE T EE 3T T2 3.7

—xamples (Gaussian

A RooPlot of TMass{B-=J0 wkK*)™ ]

Events /(0.008 )

20D

1540

0D

: 3

A RooPlot of "TMass{Bs — Ay ]~ |

Euants /{0,008 )

D

20

bt

D.J.Kong (2004.3.4)
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CDF Secondary
Vertex Trigger

NEW for Run 2 —— level 2 impact parameter trigger
Provides access to hadronic B decays

Data from commissioning run

COT defines track SVX measures (no alignment or calibrations)
at level 1 Impact parameter T
200 :_ gii/:istor\t 25?5: 1 :'3_5
o COT track { 2 parame ters) coordinates e _ ;Zi:n 78:253225:8;
. _ c~ B/
O B T o005 075, b A2 0.65 6.075 01 25
(transwverse projection) d ( C mﬂ)




(Gaussian fitting

Using Mn_fit

U+o

j f(x)dx/T f (x)dx = 0.68

MINUIT Likelihood Fit to Plot 1&0
HEQQOK: Simple Gaussian Histogram

File: jeern/mn_fittest!nbookd test his

Flot Area Total/Fit 851.00/851.00

Func Area Total/Fit 95090/920.80

Likelihood = 45.2

17-JUN-2002 18:17
Fit Status 3
EDMTITED?

=

¥= 441for 40- 3dof, CL=187%

Errors Fambolic hinos

Function 1: Gaussian {sigma}

AREA 10232 + 3556 0.000 + 0000

MEAN -1.50003E-02 + A2082E-02 0.000 + 0000

SIGMA 1.1062 1 45725E-02 0.000 + 0000
BD T T T T | T T T T | T T T T | T T T T
50— —
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Significant

-lgure

® [he measured value has meaning by significant

figures
® Significant Figure

— |t includes the first figure of uncertainty
— All the figures between LSD (least significant digit) and

MSD(Most significant digit)
e LSD

— If there is no point : The far right non—zero figure ex)23000
— If there is point : The far right figure ex) 0.230

« MSD : The far left non—zero figure
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Significant Figure (Example)

o 4 digit : 1234, 123400, 123.4, 1000.
« 4 digit : 10.10, 0.0001010, 100.0, 1.010X103
« 3 digit : 1010 cf) 1010. (Four digit of significant figure)
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The calculation

® Add and Subtract

— The last result is decided by the minimum point
of calculations

— Example)
123 1.0001
t93 +0.0003

128.35
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Calculations (cont’d)

® Multiply and Divide
— Same as the minimum digit of significant figure

— Example)
16.3 X 4.5 =73.35
=> 73
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Propagation ot Errors

® Suppose that (x,x, .../ is the variables, then
variation of the function of ~(x,, x,, ...)is as follows:
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Propagation ot Errors
(continued)

® Suppose that (x,,x, ...)is the variables, then
variation of the function of ~(x,, x,, ...)is as follows:

Z (f) (—)0 o
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Combining Errors

® Add or Subtract (F=x,+x, or F= x;=X,)

- 2 2
Or —\/01 + 0,

Example) x, =100. £ 10.

F =500. =+ 22.
Example) The error of the measurement

_ 2 2
o = \/ Gstat + Gsys
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Combining Errors (cont’d)

® F=ax (ais constant)

or =ac
Example) x =100. + 10
a=>5
F = 500. + 50.
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Combining Errors (cont’d)

® Multiplication (F=x;* x,)

O = XX\ (0,1 %) + (0, 1 X, )’

Example) x; = 100. + 10.

F = (400. +45.) X 10?
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Combining Errors (cont’d)

® Division (F=x,/ x,)

O = (X1/X2)\/(01/X1)2 + (02 /X2)2

Example) x; = 100. + 10.

F =0.250 £ 0.028
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Combining results
Using weighting factor

® Cases
- With different detection efficiencies (Runl, Runll)
- With different parts of apparatus (SVX, COT)
— With different experiment (CDF, DO)
— With different decay mechanisms
ex) Bs—>Psi(2s) Phi
1) Psi(2s) —>J/Psi mu+ mu-—
2) Psi(2s) —> mu+mu-
ex) DO—> KsKs
1) D*+ —> DO pi+
2) D*0 —> DO pi0
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Combining results
Using weighting factor (cont’d)

® Average
— There is N data whose values are (X;, Xo,. ..Xy,... Xy)
— Suppose that the error of X, is o,

5 = ZWka
D W

k

where weighting factor
2
w, =1/0,

2
® Crror o’ =11 w,

46




32005 0.5

q . + 4l
CDF ‘ , 0.79 "0

) .82
\LEPH . 084792 +o.6
BELLE .| 0.99 + 0.14  0.06
BABAR 1_._| 0.59 = 0,14 £ 0,05
Average H 0.79 £ 0.10

N
==,
S



Ex) BO lifetime su

ALEP p‘””}
ALEPH exc 85“3{4?
ALEPH ' F&ﬁ"g‘})

DELPHI DI
DELPHI top

DELPHI
E(%?Q?Lr

L3 top&l
‘i’?i

OPAL top%
OPAL
OPAL Incl (Jl)]gq
nc uswq{g'l'l)_m

BABAR exclysi
45
BA ﬁ P:fﬁ
BELLE gxqlusive

Average

B Lifetime
Working Group

CkM wkS February 2002

o
L]

e

|||||||||||||||||||H|||||||||||||||

11121314 15 1.6 1.7 1.8 1.9
0
T(B") (ps)

mmary

1.5180.05310.034 ps

1.257%1% 19,05 ps
A3 048 P

1.49 ;55 o6 PS
1.497+0.07310.032 ps
1.474:90. 03970022 ps
1.61°)73 +0.08 ps
1.6310.14+0.13 ps
1.546+0.018+0.035 ps
1.53240.04110.040 ps
1.52+0.06+0.04 ps
1.74+0.12+0.04 ps
1.523+0.057+0.053 ps
1.5310.12+0.08 ps
1.541+0.028+0.023 ps
1.56") 75 10.10 ps
1.5650.021+0.043 ps
1.5460.03210.022 ps
1.529+0.012+0.029 ps

1.554+0.030+0.019 ps
1.543+0.015 ps
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34 MiIXing

Dilepton Sample: P — e 503 +0.064 0,071
Lepton Tag

Dilepton Sample: g ——e—— 0.450 £0.045 £ 0.051
Lepton Tag

Lepton D* Sample —— 516 +0.098 " 0%
Lepton Tag

D* Sample {e——0.562 £ 0.068 T 71
Lepton Tag

Lepton D* Sample —t— 0471 700+ 0034
5% Tag

Inc. Lepton Sample -iem—m D420 £0.080+0.030
%5 Tag

CDF Average "r' D489 to0. 025 0.024
02 04 06 08
Am [ps_1]
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Upper Limit

® Measurement (B =B +o)

® Observation (B.> 50)
— Signal is greater than 5 sigma of error.
® Evidence ( 36 < B, < 50)

— Signal is greater than 3 sigma of error, however less than 5
sigma.

® Upper Limit (36> B, )
— Signal is less than 3 sigma.
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Upper Limit B, (cont’d)

® Method |. General Case

Measurement B= Bt o
B < B, + 1.285 (90% CL)
1.64c (95% CL)

2.335 (99% CL)

Measurement B =B ,toc

Ex) B, =(3+ 5) X 1079
B, < (3+1.28X5) X 1079 at 90% CL
or B;< 9.4 X109 at90% CL
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Upper Limit B, (cont’d)

® Method 2. Negative B,

— Background Subtracted
— Example)
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Compare Upper Limit (90% CL)

B, Method 1 | Method 2
4 5.3 5.3
3 4.3 4.3
2 3.3 3.3
1 2.3 2.4 Assume
0.5 1.8 2.0 c=]
0 1.3 1.6
-0.5 0.8 1.4
— 0.3 1.2
—2 0.8
—3 0.6
—4 0.5
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—x) CP Asymmetry in Charm
U(D)zu(([[);:w_wﬂ) (-)+ - K K+ +)

N(D° - K K™)

n(D) = C.F
N(D°
® Cabibbo Suppressed mode A - n(D)-n(D)
cp — D D—
n(D)+n(D)
+ + +"'3 T Field(D") = 6860+ 110 a] 20 E Field(F] = 7355 + 11 b)
— aa5n B Yie = zes0 B Yis = 2
D )KKTCEQDDDE— 2000 E
m 1750 E 1750 F
N 1500 | 1500 A=0.006+0.011 + 0.005
— — — & 1250 F 1250 F
D_)KKTE“’-'mGDE— mcuui—
750 E 750
500 [ 500 E
250 250 E
. E}IIII"II"II" O:IIIIIIIIIIIIIII
. Cabblbo Favored mOde v TI{BKT\' 1?.?055 EGEU!C%1 v 1K8I<'r[ 1hg-'lclss ?Ge\-’fc:}.‘l
18000 [ o] 18900 3
{15000 C Yicld(D") = 68607 +282 16000 | YicldlD) =73710+292
Z 14000 = 149000 £
+ — -&12009 = 12000 |
D ) K —‘ﬁmc:c:-l::- E 10000 E
2 aooo = s000 |
aonn 000
D_ —> K+Tc_ 70 aooo E 000 £
2000 2000
7 1E Lo 2 Z.1 7 & 18 2 2.1
Kott Maosas (Cav,/eT) Ko~ Wass {Gev/e®}
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Fitting




-1tting Methods

1. Moments
« Simple, but inefficiency

2. Maximum likelihood Method
« (Can be used only if the theoretical distribution is known.
« More general case

3. Least Square Method
 |n case of statistical error

Example) For a given N data of (x;, y;), let us fit using a linear
equation of y=ax+b
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1. Moment

® Method is to calculate the average
® Simplicity

® Example
— A linear equation
y; = aX

« Parameter a is

a:(i Iiy/n

i-1 X
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2. Maximum likelihood Method

The likelihood L
L) =] [ y: (D)
=1

e Where I' is the parameter to find
e v, is the function given variable xi

To find maximize L

To maximize /= /og L
Normalization is essential.
Ex) A linear equation

gz ot L@b)=Ty(ab
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Maximum likelihood Method
(cont’d)

Can be used only if the theoretical distribution is known.

The most powerful one for finding the values of unknown
parameters

No histogram needed (event by event)
Efficient Method — Most case works

We can transform one variable to another
Ex)
A, =1/,
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A | n o-I'in ar

I NMathAA
V. LOdAdol U U U

/A
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e Least Square Method for Simple Case

The first order of polynomials (linear equation y=ax+b)

For a given N data of (x;, y;), let us fit using a linear equation of
y=ax+b

To find a and b which is the minimization of the sum of distance
between data and equation . i.e. when we put Q as follows:
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A | n o-I'in ar

I NMathAA
V. LOdAdol U U U

/A
o IVIOLULIITU

e Least Square Method for Simple Case with errors

— The first order of polynomials (linear equation y=ax+b)

— For a given N data of (x;, y; o_i), let us fit using a linear equation of
y=ax+b

— To find a and b which is the minimization of the sum of distance
between data and equation . i.e. when we put Q as follows:

Q Z[a+b -yl o]

— |l at 112 finA 2 \A/h th fine the fAallawinA aniintinne
LCL uo 111U a | VWil il oo ulic 10HOWINIy cuatiliio
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Least Square Method
(Continued)

® Least Square Method for Linear Polynomials
— m of unknown parameters (a;, a,, a,,... a,,)
- F(x)=a,f;(x)+a,f,(x)+ + a_ f (x)
— |t is same as linear least square method
— There will be m equations and solutions

® | cast Square Method for Non-linear Equation
— Let us expansion as a linear polynomial using Taylor series.
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Least Square Method

® Mn_fit used
® | cast Square Method

® Signal is gaussian.

® Background is
Chebyshev polynomial.

=z
MINUIT ° Fitto Plots T&1; 881
Flot Tai: HEQOK: Gaussian Sigral+ Exponential Background
File: /cerrvmn_fittest'hbookd_test. his
Flot Area Total/Fit 10000, £ 10000.
Func Area Total/Fit 2019.0 /2019.0

¥= PEafor 40- 9dof.,

Individua |l x=: 184, &4

Errors Fambolic Minos

Function 1: Gaussian (sigma)
EA 29627

—xample

17-JUN-2002 19:18

it Status 3

E.D.0. 1. 274E-06

ClL=B81%

AR + 1316 = 0.000 + 0000
ARVAREA 0.B67 852 += 1.4807E-02 = 0.000 + 0000
MEAMN 2.0033 + S8.B55BE-03 - 0.000 + 0000
Sl GRS 024215 + B84821E-03 = 0.000 + 0000
Function 2: Chebyshev Polynomial of Qrder 2

MO AR 1821.8 + SE79 “ 0.000 -+ 0.000
MNAMISNOARM 1.0000 + 0000 = 0.0o0 —+ 0.000
CHEEBDO -1.089086 + B1T744E-02 = 0.000 + 0.000
CHEED2 0.25&850 + 4.4927E-02 = 0.000 + 0.000
Function 3: Chebyshev Polynomial of Orger 1

MO AR 408 .80 + 1B.67 = 0.000 -+ 0.000
MNAMI/NOARM 0.0000 + 0.000 - 0000 —+ 0.000
CHEEO1 -1.0283 + 2908BE-02 = 0000 —+ 0.000
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sin 7X = —4.12251 x°% + 4.12251 x — 0.50465
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20 HXt 0S8 7

S=DN g E (a,, a)=zn:|yi—(ax-+ao)|

) Z|y.—(ax+a)|—
2) aal.z;'y'_(ax +a,)|=0

O0lM OlE =ts.

9]
SYMAIO HE BITAl 28 & 9l
_I

66



S =l MasE

_ "\ ! 7\
X E(ana) = [y - (ax +a,)’
1) (Z ZnI:yi_(alxi‘|'ao):|2:2.2n (Yi —a;X; —a,)(-1) =0
2) 5 _

l

Zn [y; — (a;x; + ao)]2 = ZZE (y, —a,x, —a,)(-x,) =0

N+ 2t & Al(normal equation)

1)
aoz XI + alz Xi2 = Z X|y|
2) i—1 i—1 i—1
i=1 i=1

6/



Yy = X—4d,
a. = (Z in=1Xi2)(Zin:1 yi)_(z inzlxiyi)(zinzlxi)
O n(Zin:lXiz)_(Z in=1xi)2

n(z in:lxiyi)_ (Z rzlxi)(z ::1Yi)
”(Z in=1xi2)_ (Z in=1Xi)2

a, =

. Linear Least Squares
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Oil Al 1

[ 4 N | []

Xi Yi Xi Yi

1 1.3 6 8.8
2 3.5 7 10.1
3 4.2 8 12.5
4 5.0 9 138.0
5 7.0 10 15.6

\ (385)(81)——(55)(512.4) 0360
10 (385 ) — (55)
_ 10(572 .4) - (55)(81)

10 (385 ) — (55)2

=1.538

1

y =1.538% — 0.360
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0 - (j=0,1,2,3, ... ,n)
— > [y, - yn(xi)]z =0
Ja; o
M SRA: (n+1)I02 DIK2 2 2= (n+1)J12 B etR Al

Xi = Zm: inio

i=1

:iyx1

i=1

m
2
i=1
m
anz Xn 1




\;

Al

L M |

2

I 1 2 3 4 5
X 0 0.25 0.50 0.75 1.00
Y, 1.0000 1.2840 1.6787 2.1170 2.7183
y(x;) 1.0051 1.2740 1.6482 2.1279 2.7130
Y=y (x) —-0.0051 0.0100 0.0005 -0.0109 0.0053
5a,+ 2.5a,+ 1.875a, =8.7680

1.5625 a, + 1.3828 a

J Ml 1 e MZ

5a,+ 1.875a,+ 1.5625a, = 5.4514
5a, + = 4.4015

y,(X) = 084316 x° + 0.86468 x +1.0051
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A = 0
A= = A Mz=HE
f e C[a,b]A
- . b b n
=R E(aga2,) = [ (FO)=P,00) dx = [ (f () - ax*) dx
k=0
P,(x)=a,x"+a,_ X" +---+ax+a,=) ax"
@ xto| % A3} !
n
9k _ —2fbxjf(x)dx + 2 akfbx”kdx =0
oa Ja — a
AL EA

Zn: akj: x 1 dx = jab x £ (x)dx

k=0

, (0=012,--n)
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22 [0.1] A0 & 4SIN(7X) off THEH 2% &4 XIS 2AF CHEHA

— S —

Pz(X) =82X2 +aX+a,0l tet 37 gy

o1 1 L S 1 B 2
ao.oldx+al'|'0 xdx+a2_[0x dx—josm(zzx)dx = ao+5a1+§a2 =—

ol 1, S S 1 1 1 B 1
a, | xdx +a, [ x*dx+a, | x°dx = [ xsin(m)dx = ShFTAH A =

1o, 1 s Lo (oo 1 1 xt-4
8| X dx+a1_[0x dx+a2_[0x dx—jox sin(zx)dx = §a0+za1+ga2 =~

127°-120 720-607°
(02} A aosz—0.050465 aiz—angz4.1225]

f (x) =sin zx = P,(X) = —4.12251x* + 4.12251 x — 0.050465
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4. Maximum Likelihood vs.
Least Square Method

Maximum like.

Least Square

How easy Normalization and Needs minimization
maximization can be
messy
Efficiency Usually most efficient |[Sometime equivalent
to max. like.
Input data Individual events Histograms
Estimate of Very difficult Easy

goodness of fit

/ero event

Cover well

Troublesome

7




Maximum Likelihood =
Least Square Method

® X-Y plane
® Errors in y—direction are Gaussian
® X—values are precisely determined

—The maximum likelihood and the least
square methods are equivalent.

Example) Mass distributions

/8



® PAW

® Mn_fit

@ Root

-1tting

Package
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PAW

Physics Analysis Workstation
nside of CERN library

Ntuple — n dimensional variables

® Good to make histogram
@ |[nclude some fitting
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- D S0o
N Entries 2235
- M ean S.FTABE—DO3
200 - RS G2 E55E—0 ]
C S A ndr 25.55 . 13
- Constant 1955
175 - Mearn O 1982E—03
- Sigrmial B FOSE—D02
iso |
izs |
oo |
7s |
so |
2s |
G B I L I 1 I L I L [
- I25 0O FfF 0075 -0.05 -0.025 OO25 005 0075 O0.F 25
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Mn_fit

® Using fitting program in minuit at CERN
ibrary

® Powerful for fitting

® Easily check the results whether the fitting
results are good or not.
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MINUIT Likelihood Fit to Plot 1&0
HEQOK: Simple Gaussian Histogram
File: feerrdmn_fit'test'hbookd_test. his 17-JUN-200218:17
Flot Area Total/Fit 951.00 /851.00 Fit 3tatus 3
Func Area Total/Fit 950.80 /85080 ED.M. 1.7/TEO7
LLkelihood = 452
X= 41for 40- 3dof, CL=187%
Errors Fambolic Iinos
Function 1: Gaussian (sigma;}
AREA 10232 + 3556 - D000 + 0.000
MEAN -1.50003E-02 + 42862E-02 - nooo + 0.0oo
SIGMA 1.1082 + 45725E-02 - nooo + 0.000
BD T T T T | T T T T | T T T T T T T
50— 5=
40 —
30 —
20 —
10 +
D 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1
-2 -1 0 2

Mumber of Events

Gaussian Sigral + Expencntial Backgreund

O Signal + Background

Do

Arbitrary Units

oI5
a8 ]
B2 [ Il
]
O@o
1 1 1 | 1 1 1 1 1 1 |m| Imlmlm‘ L 1 1
¥ Sigral
Yy
v
¥ »
T T T T T T | T T T T T T ]
- ot ]
2 Signal ]
« e, i -
S 2 &Mﬁ_ﬁ_ﬁ L 1
-‘l}r'ﬂf-:k'?ﬁ"ﬁkﬁ

SjUBAT DIOW




mn_fit (example)

CLEO 1l 2001 PRELIMINARY

® Signal is Gaussian

B =D B" DK
8D_'ir"."ith::Jut | | With:::ut | i
. . . ) RICH cut RICH cut
® Maximum likelihood is N
same as least square “3,3
method o ol
2 I with With
2 RICH cut RICH cut

i
=]

£.200 5.260 B.3005.200 6.260 5.300
Beam Constrained Mass (GeWcZ)

D
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ROOT

® [0 Handle large data
® An object oriented HEP analysis Framework

® ROQOT was created by Rene Brun and Fons
Rademakers in CERN

® The ROOT system website is at http://root.cern.ch/
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Differences from PAW

Regular grammar (C++) on command line

Single language (compiled and interpreted)
Object Oriented (use your class in the interpreter)
Advanced Interactive User Interface

Well Documented code. HTML class descriptions for every
class.

Object I/O including Schema Evolution
3—d interfaces with OpenGL and X3D.
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ROOT example

BY — J/wk, mass plots |

Jpsl I Jpsidass
0F- Nent = 351
70E Mean = 3075
SE RMS - 0043
sof-

i

oF

oE-

10

a .

27 28 29 3 a g s a4 a5

Mosn = D333
313

0.48 048 [+ 0.52 0.54
BdMass Bd Mass
E Nent= 34
,2:_| Wean = 5.260
£ RMSE —0.28687
b | | s e
AR T
SRR AR
o ”w”'h}' =!q||_| . l|\|!|H|I||\||Ull
o N T AT T
'l I‘ |I I| L L Lyt L I| |I
%.B 4.8 L &1 H2 53 H4 LX) £ 87 58

Ng =144 6 events
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Conclusions

® Data Processing is important for physicists

® Ref.

s (Cambridge Press)
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