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What is the statistical challenge in HEP?

* High Energy Physicists (HEP) have an hypothesis:

The Standard Model.

® This model relies on the existence of the recently discovered, the

Higgs Boson

of the Model include other particles

which are yet to be discovered

® The challenge of HEP is to generate tons of
data and to develop powertul analyses to
tell if the data indeed contains evidence for the new
particle, and confirm it’s the expected Higgs Boson (Mass, Spin,
Parity)
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The Brazil Plot, what does it mean?
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The pO discovery plot, how to read it?
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The cyan band plot, what is it?
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What the -— is CLs?
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CLs back in Fashion

® When testing the Higgs spin O hypothesis, CLs is back on the road
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Performing a measurement

A~ 5 : I I I I I I I 1 I I I 1 I I I I I I I ]
f 4 5F. ATLAS Preliminary 2011 + 2012 Data 3
5 = \s=7TeV: |Ldt=48fb" + Bestfit s
©  4F Vs=8TeV:|Ldt=5.85.9fb" 2InAwm) <23
© 35 —Hoyy =
@ E —H-2z20-m .
5 3 E
P ask -
2-D Likelihoods of- =
1 =
0.5F —
O - 1 | 1 1 | I 1 1 1 | 1 | 1 | | -

120 122 124 126 128
my [GeV]

n:;ﬂ Higgs Statistics, eilam gross, 2013

il 1J




References (the Discovery Papers)

ATLAS

P|[[26] G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based tests of
new physics, Eur. Phys. J. C71 (2011) 1554. CCGV

CL27] A. L. Read, Presentation of search results: The CL(s) technique, J. Phys. G28 (2002) 2693-2704.
[28] E. Gross and O. Vitells, Trial factors for the look elsewhere effect in high energy physics,
| EE Eur. Phys. J. C70 (2010) 525-530.

CMS

[90] G. Cowan et al., “Asymptotic formulae for likelihood-based tests of new physics”, Eur.
PL Phys. ]. C 71 (2011) 1-19,do1:10.1140/epjc/s10052-011-1554-0,
arxXxiv:1007.1727. CCGV

[91] Moneta, L. et al., “The RooStats Project”, in 13" International Workshop on Advanced
Computing and Analysis Techniques in Physics Research (ACAT2010). SISSA, 2010.
arxiv:1009.1003. PoS(ACAT2010)057.

[92] T. Junk, “Confidence level computation for combining searches with small statistics”,
Cls Nucl Instrum. Meth. A 434 (1999) 435443, d01:10.1016/50168-9002(99) 00498-2.

[93] A. L. Read, “Presentation of search results: the CLs technique”, |. Phys. G: Nucl. Part.
Phys. 28 (2002) 2693, doi:10.1088/0954-3899/28/10/313.

[94] Gross, E. and Vitells, O., “Trial factors for the look elsewhere effect in high energy
LEE physics”, Eur. Phys. ]. C 70 (2010) 525-530,
do0i:10.1140/epjc/s10052-010-1470-8, arXiv:1005.1891.




The Statistical Challenge of HEP

The DATA: Billions of Proton-Proton

collisions

which could be visualized with ”

50

histograms
The Higgs mass is unknown

In this TOY example, we ask if the
observed peak could be a background

fluctuation or an indication for a signal
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The Statistical Challenge of HEP

So the statistical challenge is obvious:

To tell in the most powerful way, and
to the best of our current scientific
knowledge, if there is new physics,
beyond what is already known, in our
data

The complexity of the apparatus and
the background physics suffer from

large systematic errors that should be .

treated in an appropriate way.
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4 ™
What is the statistical challenge?

* The black line represents
the Standard Model (SM)

expectation

(Background only),

® How compatible is the data (blue)
with the SM expectation (black)?

® [s there a signal hidden in this data?

e What is its statistical significance?

® What is the most powertful test
statistic that can tell the SM (black)
from an hypothesized Signal (red)?

Ao Higgs Statistics, eilam gross, 2013




g
The Model

* The Higgs hypothesis is that of signal s(m,;)
s(my)=L-0g,(m,)
® [na counting experiment

n=u-s(m,)+b

_ L-o(my,)  o(my)
‘LL_L'GSM(mH)_GSM(mH)

® [ is the strength of the signal (with respect to the expected
Standard Model one

® The hypotheses are therefore denoted by H 0
® H, is the SM with a Higgs, H is the background only model
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The Null Hypothesis

® The Standard Model without the Higgs is an hypothesis, (BG only

hypothesis) many times referred to as the null hypothesis and is
denoted by H,

® In the absence of an alternate hypothesis, one would like to test the
compatibility of the data with H,

® This is actually a goodness of fit test
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A Tale of Two Hypotheses

NULL ALTERNATE

H,- SM with Higgs

® Test the Null hypothesis and try to reject it

® Fail to reject it OR reject it in favor of the Alternate hypothesis
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The Alternate Hypothesis?

y
® [ et s zoom on

H,- SM with Higgs

* Higgs with a specific mass my,

OR

° Higgs anywhere In a specific mass-range

« ©® The look elsewhere effect
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e
A Tale of Two Hypotheses

NULL ALTERNATE

H,- SM with Higgs

® Test the Null hypothesis and try to reject it
® Fail to reject it OR reject it in favor of the Alternate hypothesis

® Reject H, in favor of H; — A DISCOVERY
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e
A Tale of Two Hypotheses

ALTERNATE
-

® Test the Null hypothesis and try to reject it
® Fail to reject it OR reject it in favor of the Alternate hypothesis

® Reject H in favor of H, — A DISCOVERY

® Reject H, in favor of H, — Excluding H, (mH)eExcluding the

Higgs with a mass m,
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A Tale of Two Hypotheses

ALTERNATE

H,- Spin 1, Spin 2

® The measurement era is sometimes also about hypothesis test

.' S El Higgs Statistics, eilam gross, 2013
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Testing an Hypothesis (wikipedia...)

The first step in any hypothesis testing is to state the relevant
null, 4, and alternative hypotheses, say, H,

The next step is to define a test statistic, q, under the null

hypothesis

Compute from the observations the observed value s gf the test

statistic q.

Decide (based on ¢, ) to either
fail to reject the null hypothesis or
reject it in favor of an alternative hypothesis

next: How to construct a test statistic, how to decide?
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Test statistic and p-value
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PDF of a test statistic
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4 .
Test statistic

® The pdf f(q|b) or f(q|s+b)
might be different

depended on the chosen

test statistic.

® Some might be powerful
than others in distinguishing
between the null and
alternate hypothesis
(s(my)+b and b, or
Spin O vs Spin 2)

Ao Higgs Statistics, eilam ¢
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p-Value

Discovery.... A deviation from the SM -
from the background only hypothesis. ..

® The pdfofq....

0.35

When will one reject an hypothesis?

0.3}f

W

p—Value = probablhty that result is
as or less compatible with the background

only hypothesis (->more signal like) 0

25}

0.15p

Define a-priori a control region QL

For dlscovery it is a custom to choose

0.2

01

f(qlb)

p-value = 0.0237

0=2.87x1077 %

If result falls within the control region, i.e.

£< Ol the BG only hypothesm is rejected

dlscovery
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® When testing the signal hypothesis,
the p-value is the probability that the
observation is less compatible with
the signal hypothesis (more
background like) than the observed

one
® We denote it by Dois

® It is custom to say that it p_,, <5%
the signal hypothesis is rejected
— Exclusion

Ao Higgs Statistics, eilam gross, 2013

p-value - testing the signal hypothesis

f(QseplSt

f(Qs+|b)
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From p-values to Gaussian significance

[t is a custom to express
the p-value as the
significance associated
to it, had the pdf were
(Faussians
- /2 ,
p=| —e " dx=1-d(Z)
Z \2m
Z=d"'(1-p)

A significance of Z = 5 corresponds to p = 2.87 x 10~/
Beware of 1 vs 2-sided definitions!
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Basic Definitions: type |-l errors

°* By defining ¢ you determine your accepted level e The pdf of qg....
of
type-I error: the probability to reject the

tested (null) hypothesis (H;) when it is true
. oa=Prob(rejectH, | H,)
o = typel error

* Typell: The probability to accept the null
hypothesis when it is wrong

3 =Prob(accept H, | H,)
=Prob(reject H, | H,)
B =typell error

m Higgs Statistics, eilam gross, 2013
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Basic Definitions: POWER

o a=Prob(rejectH,| H,)
The POWER of an hypothesis test is the probability to reject the

null hypothesis when the alternate analysis is true!

POWER = Prob(reject H | H,))
[ =Prob(reject H, | H,) =
1- B =Prob(accept H, | H,) =
1- B =Prob(reject H, | H,) =
POWER=1-f3

® The power of a test increases as the rate of type Il error decreases

7 Higgs Statistics, eilam gross, 2013
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Which Analysis is Better

® To find out which of two methods
is better plot the p-value vs the

power for each analysis method

® Given the p-value, the one with

the higher power is better

o p—valueNsignificance

h

o=p-value 1-B=power
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4 ™
The Neyman-Pearson Lemma

L(H)
- L(H,)

e Define a test statistic

®* When performing a hypothesis test

between two simple hypotheses, H,
and H,, the Likelihood Ratio test,

which rejects H,, in favor of H,,

0 r] 20

o=p-value 1-B=power

1s the most powerful test

e Note: Likelihoods are functions of the
data,
even though we often not specify it
sl L(H |x)
P 1C1t y /l( x) — 1
L(H |x)
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The Profile Likelihood
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For discovery we test the H,
null hypothesis and try to
reject it

L(b)
L([is+ b)
For U ~0, g small

{1 ~1, g large

For exclusion we test the Signal

g,=—2In

hypothesis and try to reject it

L)

L(f1)
{1~ u, g small
i ~0,q large

q,=—2In

o

/an)

The Profile Likelihood (“PL")

pdf of tested (null) hypothesis under null

under null

/ 107

Tested (null) alternate
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Wilks Theorem

pdf of tested (null) hypothesis under null

il 1=

S.S. Wilks, The large-sample distribution of th:
Ann. Math. Statist. 9 (1938) 60-2.

® Under a set of regularity
conditions and for a
sufficiently large data
sample, Wilks theorem says
that the pdtf of the statistic ¢

under null

pdf of alternate hypothesis

under the null hypothesis

approaches a chi-square PDF /

flq, | H)=x f(a,|H)~ 2

Higgs Statistics, eilam gross, 2013
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for one degree of freedom e ————
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Nuisance Parameter
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Nuisance Parameters

* Normally, the background, b( 6 ), has an uncertainty which has to
be taken into account. In this case @ is called a nuisance parameter

(which we associate with background systematics)
® The signal strength U is a parameter of interest

® Usually the nuisance parameters are auxiliary parameters and their

values are constrained by auxiliary measurements
* Example 5~ ys(m,)+b  (n)=ps+b
m=71b
L(,u -8+ b(@)) = Poisson(n;,u .S+ b(@)) : Poisson(m;fb(@))

m Higgs Statistics, eilam gross, 2013 /
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Mass shape as a discriminator

n: ps(my)+b m~71b

L(u-s+b(0))= H Poisson(n;; - s, +b,(0))- Poisson(m;;th,(0))
i=1

control region signal region
35 T T T T 100 T T
L] lata
t=0.5 — fit 90
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a 20 ] 2
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L S+l§
q,=—2ln ('uA f)
L(us+Db)
g, =2n max, L(us + b)
max , , L(us + D)

L(us+b,)
L(,LALs+l;)

4, = q,({) =~2In

Profile Likelihood with Nuisance Parameters

™

i MLE of u
b MLE of b

bu
9#

MLE of b fixing u

MLE of 0 fixing u

RS2SR n"_j)’__l . N 0
NPapen  Higgs Statistics, eilam gross, 2013




Confidence Interval and
Confidence Level (CL)
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CL & Cl - Wikipedia

* A confidence interval (CI) is a particular kind of
of a . Instead of estimating
the parameter by a single value, an interval likely to include the
parameter is given. Thus, confidence intervals are used to indicate
the reliability of an estimate. How likely the interval is to contain
the parameter is determined by the confidence level or
confidence coefficient. Increasing the desired confidence level will

widen the confidence interval.

D:Q;{ Higgs Statistics, eilam gross, 2013
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Confidence Interval & Coverage

of 4 with U being the

® Say you have a measurement U

meas true

unknown true value of U

® Assume you know the probability distribution function of
P( u meas | u )

® Given the measurement you deduce somehow (based on your
statistical model) that there is a 95% Confidence interval [ U |, U ,].

® The correct statement: In an ensemble of experiments 95% of the

obtained confidence intervals will contain the true value of U .

Ao Higgs Statistics, eilam gross, 2013
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Upper limit

® Given the measurement you deduce somehow (based on your
statistical model) that there is a 95% Confidence interval [0, U apl-

® This means: In an ensemble of experiments 95% of the obtained
confidence intervals will contain the true value of U ,
including 4 =0 (no Higgs)

® We therefore deduce that U < U ap At the 95% Confidence Level
(CL)

e U ap is therefore an upper limit on U

O (my)<0 SM(mH)9
a SM Higgs with a mass m; is excluded at the 95% CL

Ao Higgs Statistics, eilam gross, 2013




Confidence Interval & Coverage

® Confidence Level: A CL of 95% means that in an ensemble of
experiments, each producing a confidence interval, 95% of the

confidence intervals will contain the true value of U

® Normally, we make one experiment and try to estimate from this

one experiment the confidence interval at a specified CL

* Ifin an ensemble of (MC) experiments our estimated Confidence
Interval fail to contain the true value of U 95% of the cases (for

every possible U ) we claim that our method undercover

* Ifin an ensemble of (MC) experiments the true value of U is
covered within the estimated confidence interval |, we claim a

coverage

BB I3 Higgs Statistics, eilam gross, 2013
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Exclusion of a Higgs with mass m,,
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—2InA(p) fi <

~

q:
8 0 [ >

14
14

(

_2 ln L(M??(:U')) ,[L < 0 :

Signal upward fluctuations do not serve as evidence

against the signal hypothesis

flg,VH )~ xi

This is an approximation,
exact formulae in the CCGV

paper

L(0,6(0))
9 _ L(,u,é(:u)) <0<
21n L(2.6) 0<pu<u,
L0 > [ .
) S s+b_ 4
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f(q, 1 H,) see CCGV
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® We test hypothesis H ,
® We calculate the PL (profile

likelihoos) ratio with the one

observed data

qu, obs

n:;ﬂ Higgs Statistics, eilam gross, 2013
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f(q,IH

qp, obs
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P-value

* Find the p-value of the signal
hypothesis H 0

P, = r fq,1H)dq,

Q/.L ,obs

® In principle if p , <5%,
H, hypothesis is excluded at the
95% CL

e Note that H s for a given

Higgs mass my,

o

f(q,IH
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ClLs

* A complication arises when
U s+b~b
® When the signal cross section is very
small the s(mH)+b hypothesis can be
rejected but at the same time the
background hypothesis is almost rejected
as well due to downward fluctuations of

the background

® These downward fluctuations allow the

exclusion of a signal the experiment is

not sensitive to

Ao Higgs Statistics, eilam gross, 201|! I
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* Inspired by Zech(Roe and

Woodroofe) s derivation for
counting experiments

P(n<n ls+b)

P(n<n, 1D)
e A. Read suggested the CL, method
with

P(n< no‘nb <n,S+b)=

CL — CLs+b — ps+b
S CL, I1-p,

® This means that you will never be
able to exclude a signal with a tiny
cross section (to which you are
not sensitive)




CLs P(n<n ls+b)

P(n,<n ‘nb <n,S+b)=

Suppose <n,>=100 B

s(my;;) =30

P(n<n |b)

Suppose n_; =102
stb=130
Prob(n, <102 | 130)<5%, my;, is excluded at >95% CL

Now suppose s(m;;,)=1, can we exclude my;,?
Ifn_, =102, obviously we cannot exclude m,,,

Now suppose n_, =80, prob(n_, <80|102)<5%, we looks like we can exclude my,...

but this is dangerous, because what we exclude is (s(mj;,)+b) and nots......
With this logic we could also exclude b (expected b=100)
To protect we calculate a modified p-value Prob(nobs < 801101)

We cannot exclude my,, Prob(nobs < 80 1100)

Ama Higgs Statistics, eilam gross, 2013
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The Modified CLs with the PL test statistic

® The CLs method means that the signal hypothesis p-value

Py is modified to

p,—o P, =

Pp = /~ f(5u|ﬂ)d6u

4y.,0bs

pp=1-— [ f(q,10)dq,

qu,0bs

S s+b
@ ,. D:;ﬂ Higgs Statistics, eilam gross, 20!! l
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* Find the p-value of the signal
hypothesis H 0

f(q,lH
P, = r fq,1H)dq,

Q/.L ,obs

® In principle if p , <5%,
H , hypothesis i luded at th
, hypothesis is excluded at the &

95% CL
0 J / °}/“

® Note that H ,is for a given ghae

Higgs mass my,

Ao Higgs Statistics, eilam gross, 2013
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* Find the p-value of the signal
hypothesis H 0

P, = jm fq,1H)dq,

Q/.L ,obs

* Find the modified p-value




4 ™
Understanding the CLs plot

® Here, for each

T T T T

ATLAS Preliminary 2011 + 2012 Data
— Obs. V§=7TeV: [Ldt=4.6-4.8 fb"
- Exp. Vs=8TeV: [Ldt=5.85.91fb"

Higgs mass my;,

one finds the

observed p’

value, i.e. e SO — (L}
P, =1 99%
¢ This modified
p-value, p’ .» is by
definition CLs

The smaller CLs, the deeper is/the exclugion,
Exclusion CL=1-CLs=1- p

to the previous Combmed earch [ 0ule 2 shows tﬁle CL; valuey/for u = 1, where it can be seen that
the regions between 111.7 GeV to 121 8 GeV and 130.7 GeV to 523 GeV are excluded at the 99% CL.

400 500 600
m, [GeV]

00
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Understanding the CLs plot

e CLsis the

compatibilit of 8 10 ATLAS Prelimiﬁaw 2011+ 2012 Data-
_ J 10°E  —Obs. Vs=7TeV: |Ldt=4.6-4.8fb"
the data with the 1026 ween Exp. (s=8TeV: [Ldt=585.91b"
: : 10
signal hypothesis T
-1
o The Smaller the 10" &...... ........................................................",: 95%
10-2 O S R SRR R SRRy SO 99%
CLs, the less 107
: 10
compatible the e !
data with the 10°®
: : 107
prospective 51gnal 10°® | |
100 200 300 400 500 600
m, [GeV]
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pu=]  fa,\H,)dg,
P,
p'(my)=
1-p,

® Option2: Iterate and find U for which
p’ u (m,)=5%2> U = U up%
If L up<1,myis excluded at the 95%

S s+b
@ D:K{ Higgs Statistics, eilam gross, 20!5 l
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Exclusion a Higgs with a mass m,,

e First we fix the hypothesized mass to my,

® We then test the H , [ U s(m};)+b] hypothesis

® We find U ap? for which p’ p up:5%—> the H , ap hypothesis is
rejected at the 95% CL

® This means that the Confidence Interval of U is 4 €[0, U up]

° It 4 =0 (mH)/ 0 SM(mH)<1, we claim that a SM Higgs with a
mass my; is excluded at the 95% CL

* A Higgs with a mass my;, such that ( (m;;)<1 is excluded at the
95% CL

Ao Higgs Statistics, eilam gross, 2013
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o

95% CL Limit on o/cy,,

e
Upper Limit - p,,(m

- ATLAS Prellmlnary 2011 + 2012 Data
[ Ldt~4.6-48f5"{s=7TeV [Ldt~5859f5"Vs=8TeV
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Sensitivity
® The sensitivity of an experiment

to exclude a Higgs with a mass

m,, is the median upper limit

o ur'=med{u, | H,}
® The 68% (green) and 95%

(yellow) are the
1 and 2 O bands

f(q,lH,)

9

med{f(q,|Hy)}=q,,a
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The Asimov data set

® The median of f(q , | Hy)
Can be found by plugging in the

unique Asimov data set
representing the H,, hypothesis,
background only

n=<n>=b

® The sesnitivity f the experiment
for searching the Higgs at mass
my, with a signal strength U , is

given by p’ i evaluated at g ° A

f(q,lH,)

med{f(q,|Hy)}=q,,a

Ao Higgs Statistics, eilam gross, 2013
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CCGV Useful Formulae - The Bands

med -1 _ -1 Distribution of the upper limit with
Hop c 0 (1-0.5a)=02 (0.975) background only experiments

350

2 ~ : ]
2505— J[L'L\E ‘
1 £ 200}
My =NOG + T (@ (1—o0d(N)) SS ) |
150 |
2 50;—
62 _ lLLup+N 023,‘4 1 4

:uup+N - 95

q:uup+N A l’L“p

The Asimov data set is n=b
-> median upper limit
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The ASIMOQV data sets

® The name of the Asimov data set is inspired by the short story
Franchise, by Isaac Asimov [1]. In it, elections are held by selecting a single

voter to represent the entire electorate.

® The "Asimov" Representative Data-set for Estimating Median Sensitivities with the
Profile Likelihood
G. Cowan, K. Cranmer, E. Gross , O. Vitells

® [1] Isaac Asimov, Franchise, in Isaac Asimov: The Complete Stories,Vol. 1, Broadway Books, 1990.

“%% Higgs Statistics, eilam gross, 2013
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~  The Asimov Data Set A

Franchise (short story)

From Wikipedia, the free encyclopedia

This article needs additional citations for verification. Please help improve this article by adding citations to reliable sources. Unsourced
material may be challenged and removed. (December 2009)

Franchise is a science fiction short story by Isaac Asimov. It first appeared in the August 1955 issue of the magazine /f: Worlds of Science Fiction, and

"Franchise"
was reprinted in the collections Earth Is Room Enough (1957) and Robot Dreams (1986). It is one of a loosely connected series of stories concerning a — : -
fictional computer called Multivac. It is the first story in which Asimov dealt with computers as computers and not as immobile robots. urmor maao Aeing

Country United State

Plot su mmary [edit] | Language English

. " . " . . Series Multivac
In the future, the United States has converted to an "electronic democracy” where the computer Multivac selects a single person to answer a number of
questions. Multivac will then use the answers and other data to determine what the results of an election would be, avoiding the need for an actual election Genre(s) science ficti
to be held. Published in If
The story centers around Norman Muller, the man chosen as "Voter of the Year" in 2008. Although the law requires him to accept the dubious honour, he is | Publisher Quinn Publis
not sure that he wants the responsibility of representing the entire electorate, worrying that the result will be unfavorable and he will be blamed. Media type Magazine
However, after ‘voting', he is very proud that the citizens of the United States had, through him, "exercised once again their free, untrammeled franchise" - Publication date August 195¢
a statement that is somewhat ironic as the citizens didn't actually get to vote. Preceded by "Question”

The idea of a computer predicting whom the electorate would vote for instead of actually holding an election was probably inspired by the UNIVAC I's Followed by "The Dead |
correct prediction of the result of the 1952 election. L

Influence

The use of a single representative individual to stand in for the entire population can help in evaluating the sensitivity of a statistical method. Franchise was cited as the inspiration of the
data set", where an ensemble of simulated experiments can be replaced by a single representative one. 1

References

1. A G. Cowan, K. Cranmer, E. Gross, and O. Vitells (2011). "Asymptotic formulae for likelihood-based tests of new physics”. Eur.Phys.J. C71:1554. DOI:10.1140/epjc/s10052-011-1554-0 &.
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Useful Formulae

P’ - 94, =0.05
" (g, -Ja..)

@ is the cumulative distribution of the
standard (zero mean, unit variance)

Gaussian.
q Is evaluated with the
Hos

4 Asimov data set (background only) »= /m

=

D:Q% Higgs Statistics, eilam gross, 2013
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Exclusion - L(s+b | data)
Ap=l)=—— ,
lllustrated L(f1-s+b|data)

g, =—2log A(u=1)

The profile LR of s+b experiments (u=1)
under the hypothesis of s+ b (H| )

JACANES) ,
f under the hypothesis of s+ b (H, )

The profile LR of b-only experiments (1 =0)

The observed profile LR f(q, p=0)

L(s+ b | data) /
L({i-s+b|data)

/ p=] , f@IDdg

p, is the level of compatibility between the data and the Higgs hypothesis
If p, is smaller than 0.05 we claim an exclusion at the 95% CL ‘/

= —2log

ql,obs

S

/8




Understanding the Brasil Plot

LU VVILLLILIIL (4 1V VY t}\/l\/\/lll-

The expected 95% CL exclusion region covers the my range from 110 GeV to 582 GeV. The observed
95% CL exclusion regions are from 110 GeV to 122.6 GeV and 12\9.7 7/eV to 5% . The addition of
" ATLAIS Preliminary 2011 + 2012 Data

_ bs. Vs=7TeV: |Ddt =4.6-4.8fb" 3
° = < 9
U up 0 (my)/ O g (my)<1 -/ Exp. Is =8 TeVNLdt 25.8-5.9 fb!

0 (my)< O ¢,(my)=?SM my, excluded *1o

L1111l

—

95% CL Li

T TTTTT
|

® The line Y up=1 corresponds to
CLs=5% (p ,=5%)

° If U up<I the exclusion of a SM Higgs is CLs Limits | | | o
de,eperép $<5%. | 100 200 300 400 mio[%. g\c/)]o
p s:CLSQCLZI—p s=>95%

I
1

10" =

IIII|
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H =0
H,=0"

Try to reject o* in favour of O-

0 = —210g LOTHOD
LO",u(07))

Py, = Prob(more H,-like | H )

Py (€xplHy)=0.37%,

Py (0bs)=1.5%

Py, (0bs)=31%

Exclude Spin O in favour of O

Pw, (obs) _1.5%

Pu, L (obs) =

2. 2%

1—p, (obs) 69%
leCLS (obs)=2.2%

0 SRELELELE BUELELEL B B B B
Q - i}
£0.25( ATLAS Preliminary  —pata -
L . H— ZZ( ) — 4] Signal hypothesis -
0 2:_ \s=7TeV: [Ldt=4.6fb" (m =125 GeV) _
h =8TeV: [Ldt=20.7 fb’ P i

i :D: elj't - —dy, =07

_ analysis .-
0.15- o ~Jh =0 -

i | H, :

i N | ]

04 faH) | LN | M) S

: N .
0.05F o | :

: Py | P :

[ |-1"1“| [ IPIO }R,L,-J flLJ [ |
%590 B o0 5 10 15
log(L(H )/L(H))

Je= 0 JrP= 07
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DISCOVERY
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The Toy Physics Model

e The NULL hypothesis H,: SM
without Higgs Background Only

<n>=b

35_'"'I""l""l""l""

30

I
|

25}

20}

15:

10}

|

black dotted line = jis 4+ b

0 20 40 60 80 100

mMass
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The Toy Physics Model

® The alternate Hypothesis H,:

[ )
e SM with a Higgs with a mass
<> m,<n>=s+tb

— R

RN \:"—'_)/n'q/\ 51448

1.245

30 — — 30
25
20
15

10}

black dotted line = jis + b
PRI SR TN N TT SR N TR NN T S T SR NN TR SN ST S NS W R
0 20 40 60 80 100

mMass
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The Toy Physics Model

<n>=b
35_""|""|""|""|"II
L Asimov = 4.1575 vV—2log\ = 0
30 _
It U
25
20

15

10

black dotted line = jis 4+ b |

PN TR TN TN NN TN TN TN SN (NN SN TN SN TN (N TN SN TN Y (NN Y SN SO |

20 40 60 80

100

mMass
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black dotted line = s 4 b
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The Profile Likelihood (“PL")

For discovery we test the H, null hypothesis and
try to reject it

L(D)
L({ls + b)
{1 ~0, g small

{1 ~1, g large
In general: testing the H, hypothesisi.e., a SM

qg,=—2ln

For

with a signal of strength ,

¢ =—2In L(w)
' L(f1)

_ 2
qO,obs =7

n:;ﬂ Higgs Statistics, eilam gross, 2013
Sally 1)

<n>=s+b

B

30

25}
20}
15}

10}

- Asimov = 41575

1 1 I 1 1

black dotted line = s 4 b
1 1 I 1 1 1

T T T T

K AN N _.—)I'“”/\
«* b

514N

1.245

I
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40
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Wilks Theorem

S.S. Wilks, The large-sample distribution of th:
Ann. Math. Statist. 9 (1938) 60-2.

® Under a set of regularity
conditions and for a
sufficiently large data
sample, Wilks " theorem says
that the pdtf of the statistic ¢

under the null hypothesis
approaches a chi-square PDF
for one degree of freedom

flq, | H)=x f(a,|H)~ 2

™

fr(qo |HO) = )(12 hypothesis

pdf of tested (null)

under null

pdf of alternate hypothesis
under null

Tested (null)

Higgs Statistics, eilam gross, 2013
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Significance & p-value

® Calculate the test statistic f(q,|H,)

based on the observed

experimental result (after o
taking tons of data), q,, -
® Calculate the probability :
that the observation is | p= J‘% f(q, | H )dr -

as or less compatible with

the background only 0 5 210 15 20 25 .30

hypothesis (p-value) Yobs
p=] 1, |H,)ad

obs

If p-value< 2.8-107 , we claim a 50 discovery

Ao Higgs Statistics, eilam gross, 2013
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From p-values to Gaussian Significance

It is a custom to

express the p-value
as the significance
associated to it, had
the PDF been

GGaussians

Z=a"'(1-p)

A significance of Z = 5 corresponds to p = 2.87 x 10~/
A significance of Z=1.64 corresponds to p=5%

Higgs Statistics, eilam gross, 2013
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The Profile Likelihood ("PL")

The best signal [1=03—1.27c

2 ) Profile Likelihood demo (C) Ofer Vitells 2009
File

Entries: 0

L E BT T T T T T 10!
( ) [ Asimov=4.1575 — . g L Entries: 1
[ V=2logA = 1.27 i
0.29256

i ~0, gsmall
i ~1, glarge

Signal
[
] oL
®Bonly N |_-|
O otd e 1 L1yl 1y L]y | l | | | | |
0 10 20 30 40 5 60 70 8 90 100 0 2 1 e 3 10 12 14 1 18

/




PL: test q, under BG only ; f(q, | Hg
1=0.15—0.60

) Profile Likelihood demo (C) Ofer Vitells 2009
File

L( E ) BT T T T — T — T T 10 —
i 575 ] Entries: 2
I Asimov=4.1575 — B
—_ ! ln [ Asmov= 487 VTIogA = 0.65919 ] r
0 N 30— — L Entries: 0
Z ( ‘ lS | b) [ ji=10.151 7
i 7] Median =
25— | r Asimov =4.1575
20— —
L i v
15 —
i ] I
10 —
S r ]
« > L i
51—
i 3
: Black dotted line = jis + b :
o 10" H
only B
Os8 ol L L1y by L]y TR T YT S SN AN T AN BT
0 10 20 30 40 50 60 70 80 90 100 0 2 4 L""ij 10 12 14 16 18
—2logA

@@ @& ~ 7| O statistics ACAT2010 | T StatisticalissuesKrak... | ot CiiDocuments and Se... ) Profile Likelihood dem. .. EN &) 10:10

g=0.43— 7 =0.660
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PL: test q, under BG only ; f(q, [ Hy

) Profile Likelihood demo (C) Ofer Vitells 2009
File

Lb T T L B A e e e e e o o 10
() [ ] Entries: 3

L Asimov=4.1575 4
— ! ln [ Asimoy=4187 VoA = 0 ] r
0 30— — L Entries: 0

Median =

[ Asimov =4.1575

Signal

Clear

black dotted line = jis 4 b

QIE
e

Ose 0 10 20 30 40 50 60 70 80 90 100 2 4 (_incar_Jg 10 12 14 16 18
—2logA
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PL: test q, under BG only ; f(q, [ Hy

) Profile Likelihood demo (C) Ofer Vitells 2009
File

Entries: 104

- Asimov= 41575 —r— -

Entries: 0

Median =

Asimov =4.1575

10"
Signal
L[ I
Black dotted line = jis + b ]: ]

@ Bonly - of
o ol L L 1 1 | R O R E B B

0 10 20 30 40 50 60 70 80 90 100 2 4 (_incar_Jg 10 12 14 16 18
(log scale ) 709\
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PL: test g, under BG only ; f(q, | Hg

1=0.6—>2.60

) Profile Likelihood demo (C) Ofer Vitells 2009

File

L(b) (S

Asimov

Signal

Clear
black dotted line = jis +b

QIE
e

o Py A R R U R B

V=2og A = 2.6664

o= 0.63694

HE
A

> [ statistics_ACAT2010

BY staistical issues Krak...

e+ Ct\Documents and Se...

Entries: 1216

Entries: 0

Median =

Asimov = 4.1575

[ - —t— 11

2 1 e

8 10 12 14 16 18

1 J
og sede ] —2]pgA

Higgs Statistics, eilam gross, 2013
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PL: test g, under BG only ; f(a, | Hg
0=022—1.1c

) Profile Likelihood demo (C) Ofer Vitells 2009 E]E]@
File

0,

35 T T T T T T T T T T
[ b [T T "1 T T ] =
[ Asimov=4.1575 — B Entries: 1217
T — I I L Vv =2logA = 10017 B
0 laY 30— — Entries: 0
l ( ‘ lS _.l_ b) B ji = 0.22963 1
[ ] Median =
25— —
F 4 Asimov = 4.1575
L B 10°
20— —
15 —
L — 1
i ] '
10— — [
Signal i ] L
« > L B L
51—
i Black dotted line = jis + b ]: ]
@ Bonly - 0
Os8 Y A Y I [T NI I I AR wel o bl = s L ]
0 10 20 30 40 50 60 70 80 90 100 0 2 4 (_incar_Jg 10 12 14 16 18
—2logA

€ - @@® ~ 7 [ W statistics ACAT2010 | T StatisticalissuesKrak... | o« Ci\Documents and Se... ) Piofile Likelihood den. .. EN &) 09:57

g=12—->7=1.10
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) Profile Likelihood demo (C) Ofer Vitells 2009

Ly
L({ls + b)

Clear

QIE
e

Os®

HE
e

35

=0.11— 0.40

30

25

20

Asimov = 4.1575

Vv =2logA = 0.46225

o= 0.1055

black dotted line = jis +b

1 —t

Ecum@EE D -

> [ statistics_ACAT2010 | ‘T Statistical issues Krak...

e+ Ct\Documents and Se...

Entries: 1597

Entries: 0

Median =

Asimov = 4.1575

PL: test g, under BG only ; f(q, | Hg

. \inealv 8 10
—2logA

) Profile Likelihood dem. ..

EEX

0,

Higgs Statistics, eilam gross, 2013
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PL: test g, under BG only ; f(q, | Hg

a=0.31—>1.35c

) Profile Likelihood demo (C) Ofer Vitells 2009 Q@SJ
File

35 LA B B T L — L T
L b [ N 3
L Asimov = 4.1575 - ) 4 i Entries: 1735
—_ — l l L V' =2logX = 1.3508 i
0 Za 30— — Entries: 0
L(lLs + b) ; T
[ ] Median =
25— —
F 4 Asimov = 4.1575
r b 10°
20— —
15 —
i ] Wl
10 — E
Signal i ] [
« > L 4
51—
i Black dotted line = jis + b ]
@ Bonly - o
Os8 ol 1 L1y b Ly e o b ot/ s L ]
0 10 20 30 40 50 60 70 80 90 100 0 2 4 (_incar_Jg 10 12 14 16 18
—2logA

Efvw@mEE D ~ > [8 statistics_acAT2010 B} tatistical issues krak... | c+ C:\Documents and Se... ) P o EN &) 09:58

g=18—Z=1350
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PL: test g, under BG only ; f(q, | Hg

L(b)

n—
L(lLs + b)

Asimov

Signal

Clear

QIE
e

Os®

HE
e

35

30

25

20

[1=0.32 —>1.39c

) Profile Likelihood demo (C) Ofer Vitells 2009
File

T B e B e e . B s By S B

Asimov = 4.1575 -
N

jit

black dotted line = jis +b

1.3949

0.31869

Ecum@EE D -

> [ statistics_ACAT2010
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BY staistical issues Krak...

Entries: 2002
Entries: 0
Median =
Asimov = 4.1575
10° -
[ v
Wl
10’ - L —t Ll |
0 4 iner Jg 10 12 14 16
—2logA

e+ Ct\Documents and Se...

¢g=19—7Z=139

EEX

0,

EN &) 09:59




PL: test g, under BG only ; f(q, | Hg

a=0.15— 0.660

) Profile Likelihood demo (C) Ofer Vitells 2009 Q@@
File

[(E ) 35 LA B B T L — L T r
: 2 I Asimov=4.1575 _ 2 Entries: 2015
—_ — 1[ l L Asima ” V' =2log X = 0.6685 B 10
0 > B — Entries: 0
l ( l lS _.I_ b) B 0.15163 1
[ ] Median =
25— —
- - Asimov = 4.1575
i ] 10°
20— —
15 —
Asimov i ] 1 show chi2
[ B 10
10 |
Signal : :
<« > L i
51—
i 3
[ Black dotted line = fis +b ]
@ Bonly - 0
Os8 otd e 1 L1yl 1y L]y e, o L bl o= s L ]
0 10 20 30 40 50 60 70 80 90 100 0 2 4 (_incar_Jg 10 12 14 16 18

—2logA

HE
e

€ - @@® ~ 7 [ W statistics ACAT2010 | T StatisticalissuesKrak... | o« Ci\Documents and Se... ) Profile Likelihood dern. .. EN &) 09:59

g=0.43— Z=0.660
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The PDF of q, under s+b experiments (H,)

L(b|H
g, =—2In L) =—2In (b14)

L(fis+b) L(fis+b| H)) i =1.04 — 43

) Profile Likelihood demo (C) Ofer Vitells 2009 Q@@
File

Entries: 15017:

Entries: 1

Median = 4.3065

Asimov =4.1575

nnnnn

o 4
® olde 1 L1111y 1y Ly 1Ty L = U I PR SR — 1 4 |
0 10 2 30 40 50 6 70 80 9% 100 0 2 4 6Limear 90 12 14 16 18| 20

Crn ) —2logA

g=18.5—Z =430
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g, =—2In =—2In

The PDF of q, under s+b experiments (H,)
Lp) . LbIH)

L({is+b) L(as+b|H)) 1 =0.83 > 3.6

) Profile Likelihood demo (C) Ofer Vitells 2009
File

Entries: 15017

Entries: 446

Median = 4.0747

Asimov =4.1575

n
L"L (showenz)

Signal

I

OBonly 4

Sen PY i R NN (NN U NN (U BN BRI Ll be Lo |y 1Sy [

0 10 20 30 40 50 60 70 80 90 100 1&(_fnesr |55 30 35 40 45 50

(log scale )| 709\
S

g=12.9—-7Z=3.60
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- Expected Discovery Sensitivity
L(b) 1 LOIH)

g =—2In—— = —zIn——
0 L(us+b) L(us+b|H)

i=1.22 500

) Profile Likelihood demo (C) Ofer Vitells 2009 Q@@
File

Entries: 15017

Entries: 1012

Median = 4.0679

Asimov =4.1575

Eiian=4.070

v
Signal
I
OBony

Os8 olde 1 L1111y 1 L]y o llabem L oy L |y ] L d

0 10 20 30 40 50 60 70 80 90 100 g_fnear | 2 30 35 40 45 50

(log scale ] —a7hg

—

q=25—>72=5.00
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The Median Sensitivity (via ASIMOV)

To estimate the
median sensitivity
of an experiment
(before looking
at the data),

one can either
perform lots of
st+b experiments
and estimate the
median Qo.med ©OF
evaluate qq with
respect to a
representative data
set, the ASIMOV
data set with
UW=1,i.e. x=s+b

q, 0 =9,(=p,=1)=-2In

7 —1.00 —> 4.15c

L(b|x=x,=5+Db)

L(as+b|x=x, =s+b)

Ama Higgs Statistics, eilam gross, 2013

Entries: 15017

Entries: 1013

Median = 4.0687

Asimov =4.1575

™

g =1722—7 =415

L(b)

n
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Basic Definition: Sighal Strength

® We normally relate the Signal strength to its expected Standard

Model value, i.e.

fi(m,)=MLE of u

%7 Higgs Statistics, eilam gross, 2013
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The cyan band plot, what is it?

Z55F ATLAS Preliminary 2011 +2012 Data—
o(m,) % - —— Best fit \s=7TeV: |Ldt=4.6-481b" J
:u(mH ) — o 2F D 2InAp) < 1 \s=8TeV: ILdt =5.8-59fb"
O (My) 3 F -
5 151 e
f(m,)=MLEofu 2 = R E
0.5~ .
Here we find a possible o= Y b s AONALY e -
signal which is 1 sigma - :
away for the SM expectation -0.5 —
Of p=1. - .
-1 . : : . ]
100 200 300 400 500 600
my [GeV]
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2ImA(w)=1—=lu-ul=o
—2In \(0) = j?/o>.

—21n A\(0) >0,
do =
0

N2

Coma() = L _2“) +O1/VN).

o

Approximate distribution of the PL ratio

® -2InA(u) a parabola, with ,& being the MLE of

N
o

[3)
|

Signal strength (u)
N

<0, 1

—— Best fit
D -2 In W)

" ATLAS Preliminary

<1

Vs=7TeV: |Ldt=4.6-481" ]
8TeV: |Ldt=5.8591"

\s=

2011 + 2012 Data

2 0>0,

<0,

Ao Higgs Statistics, eilam gross, 2013
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Nuisance Parameters (Systematics)

® There are two kinds of parameters:
® Parameters of interest (signal strength. .. cross section... u)

® Nuisance parameters (background cross section, b, signal efficiency)
® The nuisance parameters carry systematic uncertainties

® There are two related issues:
° Classifying and estimating the systematic uncertainties

° Implementing them in the analysis

® The physicist must make the difference between cross checks and
identifying the sources of the systematic uncertainty.
° Shifting cuts around and measure the effect on the observable. ..

Very often the observed variation is dominated by the statistical

uncertainty in the measurement.

Djz;{ Higgs Statistics, eilam gross, 2013
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o

Implementation of Nuisance Parameters

* Implement by marginalizing or profiling

® Marginalization (Integrating) (The C&H Hybrid)

® Integrate L over possible values of nuisance parameters (weighted by

their prior belief functions -- Gaussian,gamma, others...)

® (Consistent Bayesian interpretation of uncertainty on nuisance

parameters

* Note that in that sense MC " statistical  uncertainties (like

background statistical uncertainty) are systematic uncertainties

D:Q;{ Higgs Statistics, eilam gross, 2013
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/~ Integrating Out The Nuisance Parameters

(Marginalization)

L(4,0)7(1,0)

_ L(u.0)7(4,6)

p(u,0]x)=

JL(,u, O (u,0)dudb ~ Normalization

® Our degree of belief in p is the sum of our degree of beliet

. . TR .
in u given O(nuisance parameter), over ~all possible values of 0

e That s a Bayesian way

pu|x) = | p(u,6| x)m(6)d6

Ao Higgs Statistics, eilam gross, 2013
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Nuisance Parameters (Systematisc)

® Neyman Pearson Likelihood Ratio:
L(D)
L(s+b)

e Either Integrate the Nuisance

NP

g =-2In

parameters -, prior

R.D. Cousins and V.L. Highland. Incorporating
NP JL(S + b(@))n‘(@) do systematic uncertainties into an upper limit. Nuel,
9 rybria
[ L(b(0))m(6)d0

Instrum. Meth.. A320:331 335, 1992.

® Or profile them A
0, = MLE of L(h(6))

I b(éb)) ”
g"" =-2In - O = MLE of L(s+ b(O
([ovn) O =ML of st (0D

gl
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_ L(0-s+b|data) \

Discover
Y =0 4o =—2log A1 =0)

- [llustrated  L(Q-s+b|data)’

The profile LR of bg-only experiments (u = 0)
under the hypothesis of BG only (/)

f(gq, | 1u=0) The profile LR of S+B experiments (u=1)
f under the hypothesis of BG only (H,, )
The observed profile LR Mg, [n=1)

L(0-s+ b|data) \/
L({L-s+b|data)

/

P, is the level of compatibility between the data and the no-Higgs hypothesis
If p, is smaller than ~2.8-107 we claim a 5s discovery J

qO,obs = _2 log

/A
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Median Sensitivity

® To estimate the median
sensitivity of an experiment
(before looking at the data),
one can either perform lots o

s+b experiments and

estimate the median q0.med OF

evaluate o with respect to a

representative data set, the | 1
ASIMOV data set with u=1 Zmed = @ (1= Poyeg) = @ (1= P0(q0,q))
l.e.n=stb

Z,0a =+/-210 2,(0)
L(u=0| ASIMOV data =s+Db)
L(ft, =1| ASIMOV data = s+ b)

/IA (0)=

D:’Z{ Higgs Statistics, eilam gross, 2013
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e
PO and the expected pO

(e o]

f(q0|0)dqo

q0.0bs

PO =

P, is the probability to observe a less BG
like result (more signal like) than the
observed one

Small p0O leads to an observation

ATLAS Preliminary

2011 + 2012 Data
\s=7TeV: |Ldt=4.6-4.8 b
\s=8TeV: |Ldt=5.8591b"

A tiny p0O leads to a discovery

300 400 500 600
m,, [GeV]

ATLAS Preliminary
—— Best fit
[]-2InA(p) <1

25

Signal strength (u)
o —
R I
IIIIIlllllllll\llllllllllll_l_

o

o
3]

o_'llllll\ll

2011 + 2012 Data
Vs=7TeV: |Ldt=4.6-481" ]
Vs=8TeV: [Ldt=58-59 1"

III|IIIIlIIIl|II

200

1
—_ =
o

300 400 500 600
m, [GeV]
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Introducing the Heartbeat

Having a (normal) scalar is an
important indication of a healthy

Having a normal heartbeat is an important ~ model _ _
indication of a healthy lifestyle. Mass is one of those precious gifts

"Life is one of those precious fleeting gifts, ~and everything can change
and everything can change in a heartbeat." I the absence of a scalar

2 ,5F ATLAS Preliminary " 2011 + 2012 Data —
% E —— Bestfit Vs=7TeV: [Ldt=4.6-4.8 fb 3
& 20 [-2inipw <! Vs=8TeV: JLdt=58-59 "
7] r ]
< 1.5 —
cC : m
(®)] - a
0 T o & b =
0.5 =
OfF—-Ial-Armsay™ WV W et =
-0.5F =
-1 . . . ——

100 200 300 400 500 600
m, [GeV]
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Physics Complicates Things

* A negative signal is not Physical

e Downward fluctuations of the background
do not serve as an evidence against the

background

® Upward fluctuations of the signal do not

serve as an evidence against the signal

o Jm;% Higgs Statistics, eilam gross, 2013
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Discovery

® Test statistics

—21n \(0) >0,
qo =

0 <0

Y

Background downward fluctuations do not
serve as an evidence against the background hypothesis

Higgs Statistics, eilam gross, 2013




e

Discovery

® Test statistics

—21n \(0) >0,
qo =

0 <0

Y

Background downward fluctuations do not
serve as an evidence against the background hypothesis
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e
Distribution of O (discovery)

e We find }
pO:/ f(QO‘())qu.

(@l0) = L6(q0) + L L a2
fqo _2 do 2\/%\/61_03 . ZOZ(D_l(]-_pQ):\/q_O.

° q, distribute as half a delta function at zero and halt a chi

squared. qO,obs - qO,obs <mH)_>P0:pO(mH)

DIy 148
Entri T - ' ' Data -
vl ATLAS Preliminary 2011 + 2012 Data
RMS 0. —— Obs. s=7TeV: [Ldt=4.6-4.81b"
0 -« Exp. Vs=8TeV: |Ldt =5.8-59 fb"

102

10°

10*

IIII|I| T IIIIIIII T IIIIIHI T IIIIIIII T TTTT

: 12 i ..'"” 1 ! ! I
200 300 400 500 600
m,, [GeV]

/
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Example: H2>YY

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

Events / GeV

Preliminary

Selected diphoton sample

Data 2011 and 2012
Sig + Bkg inclusive fit (mH =126.5 GeV)

4th order polynomial

\s=7TeV,

\s=8TeV,

J
J

Ldt=4.81b"

Ldt=591b"

100

-+
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HQYY% °

_IlllllIlII|IIII|IIII|IIII|IIIIIIII
Q B Observed CL, limit S\ H—yy
° 5 Fxpected CL, It Data 2011,Vs=7 TeV, [L dt = 4.8 fo"
G - . D s=8TeV,[Ldt=5.91" 1
= e P ata 2012,Vs= 8 TeV, [Ldt =5.9fb" -
= 4 ATLAS Preliminary
O -
5 3
(0)) n
2
1
1

|11|1|ll|ll

ce v b b b b b b e b
q10 115 120 125 130 135 140 150

.
——
1

110 120 130 140
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H2>YY

/an)

Data 2011, \s =7 TeV, | Ldt = 4.8 b
Data 2012, Vs =8 TeV, | Ldt = 5.9 fo'g

m

5 Observed p_, 10 categories 7]
1 oee Y] eeeean Expected p , 10 categories =
Observed p_, 9 categories 3
...... Expected p_, 9 categories —

-6 0’ ;
1 O Observed p ,'InC|US'IVG —=
...... Expected p o inclusive =

—7IIS(ISIIIllIlIllIlIlllllllllIlllllllllllllll-

10 110 115 120 125 130 135 140 145 150

] M 3 3 : | " 3 3 N | " 1 : N | M 3 : : ]
T T T T T T T T T T T T T T T T T T T T T

4y, + |
by S et

110
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SM H-yy
— Best fit
[]-2InA(n)<1

1
J
o<
®

ATLAS Preliminary

Signal strength
N
' &)
IIIIIIIII|IIII|III.1_

IlllIlIIIlllII'III'T_

—
_ O N

D N N R R R O T R N

O
o

lllllllll!

LTIl

Data 2011, 1s=7 TeV, | Ldt = 4.8 fb!
Data 2012, {s= 8 TeV, | Ldt = 5.9 fb”

lIIlIIIIIIIIIIIIII

[T
[T

.

10 115 120 125 130 135 140 145 150
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-2InA(n)<1 Intervals

From the signal strength MLE plot one gets

2011+ 2012 Data

T T T T T T T 1
ATLAS Preliminary

W,ZH — bb

bl

\s=7TeV: |Ldt=46-47 0"
H— 1t

Vs=7TeV: |Ldt= 47fb

H—»MNV —>WN

Vs=7TeV: [Ldt=47 1"

H—»yy
Vs=8TeV: |Ldt=591b"
Vs=7TeV: ILdt 481"

H— zZ' —»HH

\s=8TeV: [Ldt=581"
Vs=7TeV: |Ldt=481b"

Combined
Vs=8TeV: [Ldt=58-59f"
Vs=7TeV: [Ldt=46-48"

-1
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Towards Measurements of the
Higgs Boson Properties

To establish the signal we first want to measure the resonance mass

and its cross section, next measure its spin and CP.

Higgs Statistics, eilam gross, 2013 /
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® In order to address the values of the signal strength and mass of a
potential signal that are simultaneously consistent with the data, the

following profile likelihood ratio is used:

L(u, mp, 0, mpy))
L(f, vy, 6)

® In the presence of a strong signal, this test statistic will produce

/l(lua mH) —

closed contours about the best fit point ({1, M1 );

® The 2D LR behaves asymptotically as a Chis squared with 2 DOF
(Wilks™ theorem) so the derivation of 68% and 95% CL cintours is

easy

Ao Higgs Statistics, eilam gross, 2013
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Measuring the signal strength and
Mass

2 parameters of interest: the signal strength p and the Higgs mass my,
L(i,m,,,b)
Jm. ) ==2mA(u,m,)=-2In 4
q(u,m,;) (u,m,) Lo b
@ Higgs Statistics, eilam gross, 2013 /
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Mass measurement

—~ 5_| | | [ I I | I I [ | I [ I I [ I I | | I_]
2, &b ATLAS Preliminary 2011 + 2012 Data -
5 = (s=7TeV: |Ldt= 4.8 + Bestfit -
& 4 {s=8TeV:|Ldt=58591" — 2inMm) <28
» 3.5 —Hoyy S " fl.lir,n“k =
= 3E —H-2Z" -1 g “ E
D — RA -
P 25 -
o’
1.5F =
1= E
0.5 =
:I | I | | | I | -

0 120 122
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More of the same

6_|||{||||[|||||| uuuuuuuuuuuuu 1

CMS Preliminary + Combined I
H— ZZ +vyy 4+ H— vy (untagged)H
&+
&

6/Ogpy

5/ (s=7TeV,L=51 1" H - vy (VBF tag)
- {s=8TeV,L=53fb" H- 22

T

I
l

T
|III‘III\|II\\|II

IIII{IIIIIIII

L ]
T >
| | | T | | | | | | | | T |
P03 124 125 126 127 128 129
Mass (GeV)

LI
I

T
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The Look Elsewhere Effect
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Look Elsewhere Effect

* To establish a discovery we try to reject the background only hypothesis H;
against the alternate hypothesis H,

* H, could be

* A Higgs Boson with a specified mass my,

- A nggs Boson at some mass myy in the search mass range

* The look elsewhere effect deals with the ﬂoating mass case

Let the Higgs mass, my;, and the
signal strength p

be 2 parameters of interest

L(u,m,,,b)
L(laa mﬂab)

The problem is that m, is not defined under the null H, hypothesis

l(,u, mH) —

[Dz% Higgs Statistics, eilam gross, 2013
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Look Elsewhere Effect

70

Is there a signal

here?

Higgs Statistics, eilam gross, 2013




Look Elsewhere Effect

70

Obviously

@ m=30 60/~
What is its 50|
significance? ol

What is your test
statistic?

30

L) T
2 s =30) 1 b) ﬁ% .

0 10

q fix ,0bs
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Look Elsewhere Effect

Test statistic I ( b)

=—2In
e L(fis(m = 30) +b)

What is the p-value?

generate the PDF 10—1;_

fla, | H,)

||||||||||||||||||||||||||||||

—f(t, I H)

. pfix

and find the p-value 102
Wilks theorem: i
2 10-35-
f(Qﬁleo)"’%l f
ollllé"{ﬁxgw 1|5""2|o""2'5”"t30
@ Higgs Statistics, eilam gross, 2013 /




Look Elsewhere Effect

45 T
Would you i
.. Y SHOTE 40} I 29178 |
this signal, had you
seen it? = E I !'
eyl
;gll iiil!“ii | Iii Ii | !I
20}- i .
—
151 o) ! D q $ . h§ '! q 7]
; | I ?{ W7
Tl ; i
5k 4E§; El‘:ﬁ
00 1|0 210 30 40 5IO GIO 7|0 8I0 9|0 100
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Look Elsewhere Effect

50

Or this?
451 25730 A

40+

35

30

251 []
20 . - J‘ .
15 ek oI {

10F

1 I I I I I I I 1
0 10 20 30 40 50 60 70 80 90 100
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Look Elsewhere Effect

Or this?

3.51130

70 80 90 100
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Look Elsewhere Effect

50

Or this? .
Obviously NOT! 351
ALLTHESE
“SIGNALS” ARE
BG T
FLUCTUATIONS 5

3.1062¢

_____
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Look Elsewhere Effect

Having no idea
where the signal
might be there

are two options

OPTION I:

scan the mass
range in pre-
defined steps and |
test any R
disturbing 9 ix obs () =-2In

fluctuations

X D—” HiggTStati ics, eilam gross, 2013
ITOrIN a 11XE

L(b)

L(us(m)+ b)




Look Elsewhere Effect

Having no idea
where the signal
might be there

are two options

OPTION I:

scan the mass
range in pre-
defined steps and |
test any R
9 iv.obs (U) =—2In

disturbing

fluctuations

X D—” HiggTStati ics, eilam gross, 2013
ITOrIN a 11XE

L(b)

L(us(m)+ b)




Look Elsewhere Effect

The scan resolution must be less

than the signal mass resolution

Assuming the signal can be only at
one place, pick the one with the

smallest p-value (maximum

significance)

L(b)

1) =21
B =20 s + )

- Higgs Statistics, eilam gross, 2013




Look Elsewhe T

The scan resolution must be less

Ty

than the signal mass resolution 107}

Assuming the signal can be only at ;42|
one place, pick the one with the
smallest p-value (maximum

significance) 107}

This is equivalent to OPTION II:

||||||||||||||||||

leave the mass ﬂoating

q,. (1) =—2In

9 oo () = q({1) = max

Higgs Statistics, eilam gross, 2013
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The Thumb Rule

P float
P 4y

range [

trial factor =

m

trial factor = — =
resolution o

This turned out to be wrong,
that was a big surprise

range

trial factor o<

local

resolution

®

m

m

it
= float,obs _f(tﬂoat | HO)

—f(tﬁx | HO)

.pﬂoat
.

local

Higgs Statistics, eilam gross, 2013

trial factor

10 15 20 25 30

w
o

N
5

N
o

Y
(3]
T

-
o
T

(3]
T

(p—-value / median)
——float / fixed

——float / float

1 1.5 2 2.5 3 3.5
significance




The profile-likelihood test statistic

with a nuisance parameter that is not defined under the

Null hypothesis, such as the mass )
Let © be a nuisance parameter undefined under the
null hypothesis, e.g. 6=m

p=“signal strength”

Consider the test statistic:

4o(6) = —21og 24 =Y

L(4,0)

* For some fixed 0, q,(6) has (asymptotically) a chi® distribution with one
degree of freedom by Wilks’ theorem.

* q,(0)is a chi’ random field over the space of 6 (a random variable indexed by a

o o .
continuous parameter S) ). we are 1ntere ste(l 1mn
The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file agair

” If the red x still appears, you may have to delete the image and then insert it again.

@ is the global
maximum point

® For which we want to know what is the p—value

‘ n:g% Ilr'i)’ags Statistics, eilam gross, 2013
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A small modification

° Usually we only look for ‘positive’ signals

—2log L(ﬂA: ) >0 90(0) is ‘half chi2
qo (0) i 4 L(ﬂ, 6) [H. Chernoff, Ann. Math. Stat.
L 0 l[l <0 25, 573578 (1954)]

The p-value just get divided by 1/2

e Or equivalently consider f; asa gaussian field

since

qo<e>=(ﬂ(9))
(0}

D:x% 1P4gs Statistics, eilam gross, 2013
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Random fields (1D)

® In 1 dimension: points where the field values become larger then u are
called upcrossings.

max [4,(6)]

upcrossings

AAK/\/

® The probability that the global maximtm is above the lTevel u'is called

exceedance probability. (p-value of g, )

P(max|q,(6)] > u)

s [ 7] Ilr'i)’&gs Statistics, eilam gross, 2013




(The 1-dimensional case

O e o S e T e e _ _
) For a chi? random field,
s 401 ' the expected number of
ERN y upcrossings of a level u is given
2 20f . by: [Davies,1987]
a S
L% 10 !' E N —u/2

-,.':E‘ [ u] - Wle

5p t

q,(m)
0 20 40 60 80 100 120
m

To have the global maximum above a level u:

- Either have at least one upcrossing (N,>0) have q,>u at the origin (q,(0)>u

[R.B. Davies, Hypothesis testing when a nuisance parameter is

P(éo > u) < P(Nu > O) + P(qo (O) > u) present only under the alternative. Biometrika 74, 33-43 (1987)]

=) < E[Nu]"'P(% (0) >u) Becomes an equality for
large u

Ilr'ij’élgs Statistics, eilam gross, 2013
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The 1-dimensional case

. E[N,]= e ™"
Z 40f ul= N 1€
=
= 30} v
z The only unknown is 7V 1
g 20¢ which can be estimated from
L% 10F the average number of
o upcrossings at some low
reference level
5p
i _ —ul/2
qo(m) | E[Nu]_Nle
3 —uy /2
! _>O E[Nuo ] = Nle "

N, = E[N, ]
P(q, >u) < E[N,1+P(q,(0)>u)  E[N,1=EN, Je" "

1 u, —u 1
= Ne"?+ Py >u)= EIN, Je"o ™" + > PO > )

. (u,—u)/2
global B E[NM ]e O T plocal

N n:gma Ilr'i)’é:'gs Statistics, eilam gross, 2013




A real life example

P(g, >u) < E[N ]+ P(q,(0)>u)

o T T T T T
(_‘:- 10°E ATLAS Preliminary 2011 + 2012 Data
g 10 —— Obs. \s=7TeV: |Ldt=4.6-4.8 b
— ---- Exp. \s=8TeV: |Ldt=5.8-5.9 fb"

E[N ]=N,e""
N, E<N >e”°/2

Uy

P(g,>u)=N,e"

200 300 400 500 600

_ —u/2 :
2,50 ATLAS Preliminary 2011 + 2012 Data
o~ S F  —Bestfi Is =7 TeV: }Ldt =4.6-48f" ]
— 2 E 2:_ |:|_2 InA(u) <1 V\s=8TeV: |Ldt=5.8-5.9 fb™ —:
ngObal <NM0 >€ T plocal = 15F E
> F .
— U_) 1:“ """""""""""""""""""""""""""""""""""" -
—25/2 7 -5 - :
pglobal — 9'6 +0(10 ): 3310 OE* ----------- -
. 050 =
50 — 40 trial#~100 - .
'1T L | . . -]
100 200 300 400 500 600
n%% Higgs Statistics, eilam gross, m,, [GeV]
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Bloggers Spot

A combination on a back of an envelope

Higgs Statistics, eilam gross, 2013 /
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An exercise in combining experiments (or channels)

e We assume two channels and ignore correlated systematics

L= L1(p,01)La2(p, 02)

® We have

A

. A2
—2log L;(p,0;) = (M Mz) + const.

op)

e [t follows that N
[ = H10y
0'1_2‘|'0'2

® Variance of j; isisgivenby ;=2 — o7t 4052




g

An exercise in combining experiments (or channels)

® The combined limit at CL 1- ! is given by

>

pp = i1+ 007 (1 = ad(L))

® The combined discovery p-value is given by

po=1—®(ji/o)

e Median upper limit
pmed = o711 — a/2)
e Which gives . , ,
(e~ et " (a2

Ao Higgs Statistics, eilam gross, 2013
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An exercise in combining experiments (or channels)

® This combination takes onto account fluctuations of the observed

limit

—_ l_ I I I T I I T T I I I I T T | T T I I
2] i
— e A LLLLLLL Expected Combined approximate
g 4— Observed Combined approximate
1 [~ === Expected Combined
— Observed Combined
Q 35—
N
Tp]
(e)}

Mo

W
II|IIII|IIII|IIII|IIII|IIII|II.I_

110 115 120 125

I I 130
M, [GeV]
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Some Profile Likelihood Useful
Spinoffs
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Counting on the back of the envelope

00

0

med[Z 1]

PO
L] Le”
.




® The intuitive explanation of s/ Vb is that it compares the signal,s, to

the standard deviation of n assuming no signal, b,

® Now suppose the value of b is uncertain, characterized by a standard

deviation O »

® A reasonable guess is to replace \/b by the quadratic sum of

\b and o,i.e.,

S

\/b+ o}

med[Z|s] =

7 Higgs Statistics, eilam gross, 2013
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Systematics is Important

® An analysis might be killed by systematics

btA-b= o0, =\/(\/3)2 +(A-b) =b+AW

s/b
A

S/\/E:>S/\/b(1+bA2) Loz

%25%S/b20.5f01’A~10%

We can do better

@ ,' D:%]j Higgs Statistics, eilam gross, 2013




Significance with systematics

® We tind (G. Cowan)

1/2
B (s +b)(b+ of b? ots
e [2 ((S+b)ln P (sthog] of | Bb+ap)
0.°/b gives
P08 Zn = ——— (1+ O(s/b) + O(a2 /b))

\/b—l—ag

* So the “intuitive formula can be justified as a limiting case

of the significance from the profile likelihood ratio test evaluated with

the Asimov data set.
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Significance with systematics

T 8
N, s=95
S
= c,/b=0.2,0.5
6+
------- s/\{b+c?2
— 7,
4
Monte Carlo

0 i IR T i R R | i el B,
10" 1 10 102
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Implications in Astro-Particle Physics

-39
10 = LI T T T T T T T T T T T T T T T3
= ‘ { | | =
=4 | XENON100 (2012) =
a0 . R B Q DAMA/Na — observed limit (90% CL) 7
g 10" = \ . Expected limit of this run: =
= L= CoGeNT =
- W AN, DAMA/L B £ | o expected =
o) — ’ + 2 ¢ expected —
.8 10-41 E_\ - I_,_..--"‘"“,;' —
% E U N N S "“-“Q\‘\MPLE (20\.—) E
» n -
0w REQQTIT ( '12)
8 10742 - CRESST-II (2012) 0\'7‘\)\3 (20 —
O = =
o — A
o — . e g EPLE L
2 -43 \“x ‘ NE FISS (D =
o 10° = o ., EDELWEISS (2011)
= — T T s i
E 44 -
§ 10 e =
45 |
10 E | 11 1 | | | | M L1 |
78910 20 30 40 50 100 200 300 400 1000
WIMP Mass [GeV/c?]

The lack of events in spite of an expected background allows us to set
a better limit than the expected
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Conclusions

® 10 years of statistics research in HEP as of LEP in ~2000 brought

the community to a robust and sensitive method to extract signals
® CLs, LEE, Asimoyv.. .all the new jargon became public property
® The method was used to fish the Higgs signal from a Y'Y rare signal
® It was successtully applied in ATLAS and CMS to discover the Higgs

Boson

® [t was also successfully use by the XENON collaboration in its

search for dark matter.
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