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What is statistics?
• Statistics is a branch of mathematics dealing with the 

collection, organization, analysis, interpretation, and 
presentation of data. Wikipedia
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https://en.wikipedia.org/wiki/Statistics


AI is actually statistics
• �Artificial intelligence is actually statistics, but 

with a very gorgeous phrase, in fact, is statistics. 
Many of the formulas are very old, but we say that 
all artificial intelligence uses statistics to solve 
problems. �
---- Thomas J. Sargent, winner of the 2011 Nobel Prize in 
Economics
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Outline

•Probability distribution function
•Parameter estimate
•Significance and limit
•Systematic uncertainties and 

examples
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•���, ������(����), ���
��
2012

• G. Cowan, Statistical Data Analysis, Clarendon, 
Oxford, 1998

• Ilya Narsky and Frank C. Porter, Statistical Analysis 
Techniques in Particle Physics, Wiley, 2014

• K.A. Olive et al. (Particle Data Group), Review of 
Particle Physics, Chin. Phys. C, 38, 090001 (2014).; 
see also pdg.lbl.gov sections on probability, 
statistics, Monte Carlo 
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4*�# (Poisson distribution)

•4*�#: 3,!�(-�"%)����&.
(n)�1.�#5����
�(Dt)�6��
���/� ���$	n=n×Dt.

•�+�����(�0'���2 k ���
��:
•0'�k��2�1.	Pk(n):  
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Pk =
nk

k!
e−n

σ 2 = k − n( )
2
= n

�)7
n=5

n=10
n=20



���� (Gaussian distribution)

•�
���������#��������
��"

•�	�x�����
[x1, x2]���
��p(x) � ��!�: 
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P = p(x)dx
x1

x2

∫

!

p(x) = 1
2πσ

e
−
(x−x0 )

2

2σ 2
! -µ



Poisson ->  Gaussian distribution
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	��n(���1�)������
�!=n, s2=n�����




�>@� (Central Limit Theorem)

•
�>@� :�� n�H!8=�N)3��
LI�;Q/�$& x1,….., xn (�-1��*J
< μi��C σi

2 ��@�),.��� �
n→∞ �N)*J<� S�C� ��G
�;R
•�:��'%S	&!H8=4�$&�J<�
:�?90�B�;(P�"7�;R�E� �
/ A2��KC�M� 5DOS6��	&4
�$&��,F+#"7�;�'%
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X = xi∑
µi∑ σ 2

i∑
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m=f(x): 

if x has a small uncertainty σx, 

one can estimate     σm=fx×σx

m=f(x, y): 
if x and y have small uncertainties σx and σy and no 
correlations, 

σm
2= (fx×σx)2 + (fy×σy)2
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•6�
3&(x���9(7 x1 and x2�A:�
!� σ1 and σ2D��)��=,@����
�x��>C278%A::
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xm = w1x1 +w2x2 ,    σ m
2 =

σ1
2σ 2

2

σ1
2 +σ 2

2

where w1 =
σ 2

2

σ1
2 +σ 2

2
  and  w2 =

σ1
2

σ1
2 +σ 2

2

➙A:"����9(���B?E �0=$��E�#�
�1C275�/<E��	4;9(.'(A:)

➙����.'�9(=$��E�=*+��A:�-�9
(A:�1/Ö2
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•�	���������
➙�����������(e.g., mean, width, …) �
➙�������
����
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•
	�������mean=x0���D=s0
2

Best estimate of mean: 

Best estimate of dispersion: 

Estimate on error in xm: 

Estimate on error in σm:  
(for Gauss distribution and large N)
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xm =
1
N

xi
i=1

N

∑

σ m
2 =

1
N −1

(xi − xm )
2

i=1

N

∑

δxm =
σ m

N
δσ m =

σ m

2N
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(Max Likelihood Method)

• xi yi 
• fi(yi|y) : 

y yi

•
• a y=F(x, a)
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dP = dpi
i
∏ = fi (yi | F (xi ,a))dyi

i
∏

= fi (yi | F (xi ,a))
i
∏ dyi

i
∏

= L(yi | a) dyi
i
∏

!

➙ a

L(yi|a)
-



��	��(Minimum c2 Method)

�������
��
• Maximum Likelihood method �Minimum c2

method���
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ln L(yi | a) = ln fi (yi | F (xi ,a)) =
i
∏ ln

i
∑ fi (yi | F (xi ,a))

= ln 1
2πσ ii

∑ e
−
( yi−F (xi ,a))

2

2σ i
2

=Const −
(yi − F (xi ,a))

2

2σ i
2

i
∑

=Const − 1
2
χ 2



Statistical expectations for c2

• "�c2	.�&���� �/���'��%(n 
($%2��%(4�+0)%�%()

• �#��c26
�'��%(n�<�=���7
• 3��!(p-/)�*��-,�18����9%2
5($��) c2/�;:
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χ 2 = nmeasurements − kparameters = n.d. f .       (number of degrees of freedom)



What if you get something very different 

• ��c2/n+��1M>����7#F=&"
ML'��
A(M?�����!%M����$*,�H;J3F=
�D��KM/.�D9���8�<(0:F=)

• ��c2/n+	�1M>��1@G54��C�M$*2J
3�D6KF=M/.�D9��	�E�8(0:F=)

• $ -cross-checks)�“IB”�0:F=
20

χ 2 = nmeasurements − kparameters = n.d. f .       (number of degrees of freedom)



(!+�517#

•'c27#(!+�51

•a ® a:sa  � c2 ®c2+1
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•�����4�	�8��):
•$����9��2
*, e.g.: 
•���60��2
*
•	.#�(%3 Poisson errors)

•",������-�: 
•����)�/&Max Likelihood and Min c2 Methods

�)�	�8���4

�����1��



Significance and limit
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��4�K���-@1B�#

• �4�O*(<� bQ9=
 n0��O,D n0 > b
•	��>9=�B�#(significance)��&S
•�I������5+(AE�H%�)S
•0/	�%�FF��4�@1M:S
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p(n ≥ n0 |b) = p(k |b)
k=n0

∞

∑ = 1
2π
e
−
x2

2  
S

+∞

∫ dx

• B�# SR87F*2�4�O.� b �)$�Q
3�@1M:9=
�&�!�9=�O. n0�
NJP

', @1M:�NJ"�G�;�?6LC�+��R



-#�")
��&!��/S1
•���'#�N/

•	 �-#�%.�����'#���,.�
�����+���*(�

•�� b<100�.����$������(�-�"
)
�)
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S1 =
signal

bkgd
=
nobserved −b

b
=
s

b



•���4)�"

•;� 7�9�s+b�b-only��21�=�35
� n0�@-�?<B*:� (likelihood ratio): 

•�	%�$(���8��0(&'B*,�0(
��6.#B%��9���>/!
0.2s

A.�+8���4)�"CScL

25

ScL = 2n0 ln(1+ s / b)− 2s

ScL = 2lnQ ,   where  Q = p(n0 | s+b)
p(n0 |b)

Q = p(n | s+b)
p(n |b)

=

(s+b)n

n!
e−(s+b)

(b)n

n!
e−b

=
(s+b)n

(b)n
e−s

lnQ = ln[(s+b)
n

(b)n
e−s ]= n ln s+b

b
− s = n ln(1+ s / b)− s
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pp�>�1	�8������)!=
(p + p® e+ + e- + anything) 
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:A7��(Local Significance)

• .��	9+��6D,)"�941�71G#
8C�> �E%
�$�!��bin>=4F

• ;!���S=172-100=72, S/Ö(B)=7.2sH<!��
�S=125-100=25, S/Ö(B)=2.5sF

• *5(@/0�such upward fluctuations�B=
��<10-12� 0.6%G�'��
G�3-�?&�
����92�6D,F
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�EB�%(Global Significance)

•��#?J0 �����AO8�4+,��

'��B�%����

•1	;L)A�G$9=�20�binP&�5(
���bin.�K�5!:>�N<�MI	�
�D76",C�MI
• Probabilities of none of the bin with flat background 

fluctuating upward as shown is (1-p)20

• Therefor, probability of at least one bin fluctuating 
upward is 1-(1-p)20, which gives ~10-11 and 12%. 

•�-H*��2@3B�%����/F�
28



���! (Exclusion Limits) 

29

•���LHC�#��%'"��������
�	��&���$
������#��
���(



"68CA(Exclusion Limits) 

• S2=P3H�T�#��J'R
•�I?��.VE&(@7BU���99%�"�
: �0;���V !LHC���>�=PU
5�>�O'�&XXX fbR

• 99% F"-(confidence level) %9�Q<1%�NK
�G0;�*�R

30

•���LHC�L2=PUD$��)�0!�
���2
R	��M�14+�,0L2�
0!/W



•9; 7�#�!:F�����@3��A
>./"0(probability of observing no more
than n0 events, in assumption that the signal was 
s):

�+-86(Exclusion Limits) 

• “� �!��+('4sF����A>� aF
�
 � ��)&��+���-8E”�
�!:��D<=CG�����*25	$
�1('4b�%��B,F���-8s=0�
�?E
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p(n ≤ n0 |b+ s) = p(k |b+ s)
0

n0

∑



���'%0CLs

•�$����,!��-(��"/����
���+���)�/� #���� n0 �
.��-(�"0

•�	

�� s≥0 �/CLs"*&
 (0 , 1]. 
32

r   =   
p(n |b+ s)

n=0

n0

∑

p(n |b)
n=0

n0

∑
  =   

b+ s( )
n0

n0 !
e−(b+s)

n=0

n0

∑

bn0

n0 !
e−b

n=0

n0

∑

CLb+s = p(n |b+ s)
n=0

n0

∑ ,     CLb = p(n |b),
n=0

n0

∑     CLs =
CLb+s
CLb

= r



������CLs
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� "/.ABayesian

•-�����1�093��

• p(a|y) �,�;7A1��,)+�� y@�#$
!� a (<�'>(	=�)�;7

• L(y|a)��#$!� a �@���,)+�� y �
2�?!

• p(a)��#$! a�,�;76�?!
• 5�4&%�8�;7(a)�
"/$!���*:

34

p(a | y) = L(y | a) ⋅π (a)
L(y | a) ⋅π (a) da∫

p(a | y) da
ax

+∞

∫  =  α



�
����Bayesian

•��
	� s �����������0��
�������step-function

35

f (s) = p(s |b,n0 )  =   
p(n0 |b+ s) ⋅π (s)

p(n0 |b+ s) ⋅π (s) ⋅ds
0

+∞

∫
  

=   
p(n0 |b+ s)

p(n0 |b+ s) ⋅ds
0

+∞

∫
  =   

(b+ s)n0

n0 !
e−(b+s)

bn

n!
e−b

n=0

n0

∑
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��(&3Bayesian

•"!��� s �%�.+
#�*$�00�
$�,/
#�step-function

36

� f(s) -'
� 
2�
(�� s>sx

f (s)ds
sx

+∞

∫  =   

(b+ sx )
n

n!
e−(b+sx )

n=0

n0

∑

bn

n!
e−b

n=0

n0

∑
 =  α

������� sx�.+
a	� (���1% or 5%) 2�
���� 1-a�)��
(99% or 95%)�( s>sx��
���1



Systematic uncertainties and examples
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����(Systematic errors, estimation of biases)

• Biases due to theory (background level and/or 
shape, signal shape)

• Biases due to event selection/cuts (either at 
trigger or offline levels)

• Biases due to reconstruction and corrections 
(apparatus effects, why error function tails are so 
dangerous in new physics searches)

• Biases due to the analysis methodology (e.g. 
ignoring correlations between errors)
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�/P*�e(posteriori adjustments)
• F&8�](Histogram Binning)::H�h+k>��w
O�v_i�xq(|0���rV�ngy?j��
�U@lQpu!�]y�	�W`(a priori)�|
A
����]Ea��-(�Z�y

• 5;�+�/�� `�Y\�]��z)B{$M�4
,�bRf�2|L.���wO�6�f�2�
�
�s�y

• �,CDpptcXC�F&8|K��]t7��"|
���G�offsets�-yCD8N�3'1-��^O
d|mJ%�I<T9=25��w�o7S#[�y

39

! ! ! !



���1�bins 0-4-8-12-...

40
!



!

���2�bins 1-5-9-13-...
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!

���3�bins 2-6-10-14-...
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!

���4�bins 3-7-11-15-...
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�-A'!K(posteriori adjustments)

•����FW�5��G�= �NPT"_
M=70NP�accidental “peak”�!Z?���
[12,25]UM61@(9R)D�100)_�7S/ÖB 
�[1.2s, 2.5s]\

•I��]E@^ �:J�3��G(sideband)�
[B)D\,+�Z�;&42�$%�>�
M=70YHX2�0O4��G�[B)D_	
�V*M=55X<(�8�S"��C�Q_

#9R)D.��97.5_�%	�“peak”�
L�/ S/ÖB=(125-97.5)/Ö97.5=2.8s\
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�Ig?.}(posteriori adjustments)
• .��ZCuts ����57.��Zcuts�nd���
@t-�P8`~#N�vR4��&@mt�WLq
�����=Y����8`�

• �������b| ��H�(0"p]D�U�b|�
�59_����b|(he]D�O�(�b|�Bh
e9�
b|��run��Vb|<<)�%a8`1G
~#��3,��S\�'�"���/��_�)
&F�{������b|�4��"��/��_Kl
_c&F�{�� ���b|��6
:A�F��y
��%(!�M�	�jqQT�vR�J{�>�3
,�1;\&0�4���H[��^�z�Y�~2
��{��X�discovery���J�

• �
�WL�[+�k\��WL$���
 ��
Look Elsewhere Effect��3�LHC��ATLAS�CMSEt
9*�f��i
�WL$��57��+Zx99%�
8RC�(0�WL8`�wo�)�9*&��I

�r����s�u�
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+9BO g

• �R#(Binning)|*@%�0a (eW��i�
86��pD�2w�XF3�Y){C���R
#(unbinned)�DZ�q g…

• [�,FH|�XF3��C� S/ÖB{��k
�u_oh�QvDx4=�S!<�-d�j
\oh�QvD{)�GXj\�V�"=
[
�?bFH5�x

• �p];Cuts:  cuts71�PE�^%KU�Tl{
rA`t�$�p{d'>����I���
:�DZ(.�20%)}(PE��cuts9�	mn
�DZ{���sLI�mnDZ&/�J�cuts
MNx

• fcy��z�DZ|��recipe…  �*�…
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�*�.

• 3s--�	����5��	��$+#3&6
0�'
��5����2/����6��
��� -�(/"!��%)�**,…

• 5s--���14�5��%)��**,…
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Higgs at LEP?
• 2000: ALEPH: ~4s for Higgs signal present @ ~115 GeV

All four collaborations combined: ~2.9s

• 2002: More thorough re-analysis of the same data:
ALEPH: ~3s
All four collaborations: <2s
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Higgs at LHC—real thing that started from ~3s

• CMS paper title was “Combined results of searches for the 
standard model Higgs boson in pp collisions at √s = 7 TeV”

• Abstract: …The largest excess, with a local significance of 3.1σ, is 
observed for a Higgs boson mass hypothesis of 124 GeV. The 
global significance of observing an excess with a local 
significance >3.1σ anywhere in the search range 110–600 (110–
145) GeV is estimated to be 1.5σ (2.1σ). More data are required 
to ascertain the origin of the observed excess. 

• Subsequent papers based on much larger statistics confirmed 
the signal and were titled “Observation of…”

49

2011 December, CERN Council 
Seminar

Based on ~5/fb 7 TeV data, 
only tantalizing evidence, in 
both ATLAS and CMS



Growth of Higgs
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750 GeV diphoton excess @ December 2015
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Hundreds of theory papers produced

52



The loss of 750 GeV diphoton excess

At 2016 July ICHEP conference, with ~5 times more 
data analyzed, it’s gone
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750

750



Faster-than-light neutrino from OPERA 2011

• A loose fiber optic cable had introduced a delay in 
their timing system that explained the effect.

• Its spokesperson and physics coordinator resigned 
their leadership positions.
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�����	���cross checks
A good data analysis presents a large number of 
crosschecks and auxiliary measurements to show 
that an experimenter understands what he/she is 
doing
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The end


