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Real (!) overviews

OAFORD SCIENCE PUBLICATIONS

STATISTICAL Statistics for particle dota grovs. I ONAAVAZE 17

DATA nuclear and particle e, [T —— p——

thSiCiStS 2012 Review of Particle P
ANALYSIS

Please use this CITATION: ). Beringer et al. (Particle Data (

Downloadable figures are available f¢
Complete list of Reviews in the Pa

GLEN COWAN

Categories:
Constants, Units, Atomic and Nuclear Properties
Standard Model and Related Topics
Particle Properties

Hypothetical Particles and Concepts

Astrophysics and Cosmology
Experimental Methods and Colliders

Mathematical Tools
Probability (rev.)

Statistics (rev.)

Statistics miniworkshop

chaired by Louis Lyons (Imperial College-Unknown-Unknown)

from Wednesday, 13 February 2013 at 08:00 to Thursday, 14 Febru
at CERN

Description WHAT WE HAVE LEARNT FROM THE LHC HIGGS SEARCH?
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http://www.amazon.com/books/dp/0198501552
http://www.amazon.com/books/dp/0198501552
http://www.amazon.com/books/dp/0198501552
http://www.amazon.com/Statistics-Nuclear-Particle-Physicists-Louis/dp/0521379342/ref=sr_1_1?s=books&ie=UTF8&qid=1375444428&sr=1-1&keywords=lyons+statistics
http://www.amazon.com/Statistics-Nuclear-Particle-Physicists-Louis/dp/0521379342/ref=sr_1_1?s=books&ie=UTF8&qid=1375444428&sr=1-1&keywords=lyons+statistics
http://pdg.lbl.gov/2013/reviews/contents_sports.html
http://pdg.lbl.gov/2013/reviews/contents_sports.html
https://indico.cern.ch/conferenceDisplay.py?confId=233551
https://indico.cern.ch/conferenceDisplay.py?confId=233551
https://indico.cern.ch/conferenceDisplay.py?confId=233551

2 main approaches

@ Bayesian - probabiilty(theoryldata) p(@‘[l?)
- well-defined accounting for beliefs
- prior-probability for the theory must be given
- prior-dependence should be studied

@ Frequentist/classical - probability(dataltheory) p(x|0)
- says nothing about probability of theory
- typically used in HEP fo report experimental
results objectively (as possible)
- can lead to subset of individual results which are
obviously wrong but consistent with methodology
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Bayesian
credible intervals

_ L(z|0)7(0) Posterior density
B fL(m|9/)7r(9’) d@’ for parameter

Marginalizing nuisance
parameters (e.g. data-driven
backgrounds, systematics)
Minimum interval
Highest density

Physical boundry (e.g.
m20)
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Confidence intervals

@ Need to know the

@ ensemble
S
£
£ ® Multi-dimensional
(o9 5
space with
nuisance

parameters (ugh)

Possible experimental values x

Figure 36.3: Construction of the confidence belt (see text).
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Exam question (Bob Cousins)

For most of this talk!, I assume familiarity with the ‘required reading’ for this workshop. But first, let’s
review the root of the problem as I often explain it to students. (Imagine an oral exam.)

Suppose you have a particle ID detector. You take it to a test beam and measure:

e P(counter says 7 | particle is 7) = 90%

¢ P(counter says not 7 | particle is 7) = 10%
e P(counter says 7 | particle is not 7) = 1%
e P(counter says not 7 | particle is not 7) = 99%
Then you put the detector in your experiment. You select tracks which the detector says are pions.

Question: What fraction of these tracks are pions?

@ Related question: What is the probability that
a particular frack is a pion?
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Bayes vs. freq.

@ In many data-dominated situations hardly any difference in
reported results, eg. Mz=91.1876+0.0021 GeV

@ But interp. not the same!
Which is B and which is F?

1) P(IMZ-91.1876|<0.0021)=68%
2) 68% of such intervals contain the true Mz

o

typically lead to
differences

@ Doing both analyses and studying the differences can give
Insights
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Various likelihoods

L(n|us + b) = N Sl ot D¢ Counting, known bkg

s ) T SN
G o 5 DI D) Counting “on/off”

L(n,mlus+b,7) =
n! m!

)
1 _ (z—zq)?

2 .
/G Gaussian

Likelihood ratio of
marked Poissons
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Maximum likelihood

@ Ideal estimators of parameters are unbiased and efficient
(minimum variance). Not always simultaneously achievable.

@ Maximum likelihood (for convenience minimize
-In(L) or even -2In(L)) is approximately unbiased, efficient
for large data samples and widely applicable.

@ Wald showed that for single parameter

—21n A\(p) = (“O“) + O(1VN)

o Wilks showed that if [; is Gaus-distributed about [t
then

NG
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1-sided p-values in large-sample limit

Double_t Pvalue(Double_t significance) {
return ROOT::Math::chisquared_cdf_c(pow(significance,2),1)/2;

Na sz ;P(X2>C)
0.159
2.3x1072
1.3x107
52x10™
2.9x1077
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Brief (!) history of limits

@ O. Helene (1983) - Bayesian limit with foo E(s’ b)dsl
S )

flat prior on signal CL="—"—.
g 7 Jo° L(s',b)ds’

® G. Zech (1988) - frequentist

interpretation of Helene SViobe e—(bF8) (ht5)7

n=0 n!

CL=1-

@ A. Read (1997) - rederived Zech from Sfobe €U
likelihood ratio and “"background
conditioning”; CLs = “confidence in the CLs=CLys,/CL,
J S —_— J 8+ / .

signal-only hypothesis”

® Feldman and Cousins (1998) - auto 2-
sided frequentist confidence intervals -
“coverage is king” (but tests signal
+background hypothesis)

@ Birnbaum (1961!!) - support for
CLs in the proFessional statistics “A concept of statistical evidence is not plausible unless it finds
literature rediscovered by 0. Vitells 'strong evidence for H2 as against H1' with small probability (alpha)

When H1 is true, and with much larger probability (1 -beta) when
H2 is true.”
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Origins of CLs

@ Almost background-less Higgs searches
at LEP1, many different statistical
treatments, combination not obvious,

LEP2 data was coming

3
=
)
=
-
°
2
=
=
Z
<
o
F
=
5

@ I proposed simple LR, frequentist
approach, CLs invented to deal robustly
with deficits, combination simply adding
channels to LR, exclusion with CL;,
discovery with CLy, never got fo ML for
measurement = SR -C gy

TO NR €4 Er &

A3l PR7EL R e

—

2) za = cesln 7O

® Cousins&Highland (hybrid Bayes- ey
frequentist treatment) for (generally I
7 fesesrsy oz (1)

small) systematics
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http://iopscience.iop.org/0954-3899/28/10/313/
http://iopscience.iop.org/0954-3899/28/10/313/
http://www.sciencedirect.com/science/article/pii/0168900292907945
http://www.sciencedirect.com/science/article/pii/0168900292907945
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http://delphiwww.cern.ch/pubxx/delnote/public/
http://delphiwww.cern.ch/pubxx/delnote/public/

Counting experiment (Poisson pdfs)

Observed — ]) ( f < -
Expected for background . s+b\ -\ P <\ obs )
Expected for signal (m,=115.6 GeV/c")

+ background
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10Pscience Joumals ~  Login ~
Journal of Physics G: Nuclear and Particle Physics

Journal of Physics G: Nuclear and Particle Physics > Volume 28 >Number 10
AL Read 2002 J. Phys. G: Nucl. Part. Phys. 28 2693 doi:10.1088/0954-3899/28/10/313

Presentation of search results: the CLs technique

AL Read

CERN-OPEN-2000-205
Modified frequentist analucic nf caarch raculte [the (7. mathadl

racatcose - CERN Document Server

Access articles, reports and multimedia content in HEP

S;
15t Workshop on Confidence Limits, CERN, Geneva, Switzerland, 17 - 18 Jan 2000, pp.81-101 _ 2 an = 2 AYe— 2 n. ln 1 + ——
i 4 4 b

4
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http://iopscience.iop.org/0954-3899/28/10/313/
http://iopscience.iop.org/0954-3899/28/10/313/
http://cds.cern.ch/record/451614?ln=en
http://cds.cern.ch/record/451614?ln=en

Straightforward LR combination

® Natural combination of channels, extension to
discriminant (or counting) per channel

@ Learned later Obraztsov (DELPHI “92), L3 people
proposed similar likelihood but Bayes-like integration
of likelihood (implicit uniform prior).

@ At LEP eventually 4 experiments, O(10) center of mass
energies, O(8) search topologies/channels combined

-'\rcha-n c (si+b ) +b H” Sq S (l J)+b B (l
1=1 ng ' 1 si+b;
bip

[T Vrnehan e bib;" I, B (i)

n;!
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http://www.sciencedirect.com/science/article/pii/016890029290925T
http://www.sciencedirect.com/science/article/pii/016890029290925T

LR from LEP fo Tevatron to LHC

Nuisance : :
et sttt | P || Lo SN o
in LR in toys test statistic

Hybrid
Bayes-
frequentist

Nuisance Wale
Profiled Bayes-

Rdrdmetens frequentist

Nuisance
parameters

< Fixed by MC

Profiled Ex’rerr.lal Frequentist
constraints
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Profile likelihood (MINUIT)

lanl.arXiv.org > physics > arXiv:physics /0403059

R

Physics > Data Analysis, Statistics and Probability

Limits and Confidence Intervals in the Presence of
Nuisance Parameters

Wolfgang A. Rolke, Angel M. Lopez, Jan Conrad
(Submitted on 9 Mar 2004 (v1), last revised 19 Jan 2009 (this version, v5))

We study the frequentist properties of confidence intervals computed by the method
known to statisticians as the Profile Likelihood. It is seen that the coverage of these
intervals is surprisingly good over a wide range of possible parameter values for
important classes of problems, in particular whenever there are additional nuisance

parameters with statistical or systematic errors. Programs are available for calculating
these intervals.
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http://xxx.lanl.gov/abs/physics/0403059
http://xxx.lanl.gov/abs/physics/0403059
http://xxx.lanl.gov/abs/physics/0403059

Curiousity: PL considered at LEP times
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@ I abandoned it to avoid 2-sided intervals

(Feldman&Cousins!) - dont want to exclude if there is
a nice fat excess!

® 710 years later CCGV elegant solution:
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http://arxiv.org/pdf/1007.1727v2.pdf
http://arxiv.org/pdf/1007.1727v2.pdf

Profile likelihood ratio: CL, and nP
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Profile likelihood ratio: CL, and nP
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Profile likelihood ratio: CL, and  “

|ATLAS + CMS Preliminary, \s =7 TeV
| L, = 1.0-2.3 fb experiment
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Profile likelihood ratio: CL, and nP
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Profile likelihood ratio: CL, and Mgs
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Profile likelihood ratio: p,and 3
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Profile likelihood ratio: p,and 3
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Profile likelihood ratio: p,and 3

LHCHCG Combination Procedures

X%3/07/12
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signal strength
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Profile likelihood ratio: p,and 3
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-163/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-163/

QLer (Qrev W/0 nuisances)

} dLEP/TeV = qu — 40
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Importance of nuisance parameters

ratio u) normalisation
combined theoretical
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D background, uncertainty, uncertainties

among most frequent words in ATLAS Higgs
boson discovery paper
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Parameterized signal and/or background
models
e.g. ATLAS H->Y Y search

24



cafegories of unbinned likelihood

.f’.EXPERI‘MENT | .

Parameterized
M signal model

m from fits to

s A =S l l ¢) CP5 () CP6 MC

Background

| cntea
model: selected

unconverted central low ppy

unconverted central high p,

functions with
unconstrained
nuisance
parameters

unconverted non-central low po,

unconverted non-central high pp,

converted central low pr,

converted central high pr¢

converted  non-central low pq,

converted  non-central Thigh prp,

converted transition 2 5



Various terms in L

L per event in
a category

Lc,n(m’}"}’(n);#’a 0 ) = Ns,c(p’v agorm)fS,C(mfw; eghape)
Mass distribution + Nygg.c fokg.c(myy; 8259)

Noo (1, 02°7™) = [NEO#SM (gg9t) 1 NYBFSM (g BF)

cC

_*_NWH,S;\/I(oWH) _I_NZH,S,M(0ZH) +NttH,Sz‘\/I(0ttH)]

) KBR (GBR) Klumz' (elumi) Keff (geff) Kisol(eisol)
sz'le—up(Opile—up)KEScale(eEScale) Slgnal
K-pile—up,c(opile—up,c)Kmat,c(omat) normaliza‘l'ion

+ O spurious,c ospu-rious,c . (8'12)




Distinguish signal from spurious signal

1e7

True (but
unknown!)
background
distribution

T

ATLAS ¢+ Dpaa

——— Sig+Bkg Fit (m _=126.5GeV)

Best fit
background
model

Bkg (4th order polynomial)

Events / 2 GeV

IIIITIIITTIITIIT]IIT]IIIII[II

1s=7 TeV, [Lat=4.8fb"
15=8 TeV, [ Ldt=5.91b"

Events - Bkg




Model tests (on MC)

o

_—

Fitted spurious amplitude to Asimov |
(from MC) (error (grey area) is go) |

onC | ]
Fitted spurious amplitude to MC
(~on top of the Asimov one) - — y
— —) Residual integrated in 10 GeV bins
Fitted spurious amplitude | B - —

to toys (with point error) |

.
Toy oo (~vBustso) |

Residual (MC-fit:) ~ 20% of Asimov o £~_2;<§z.v'8.u»:) *

107 of expected signal 1

145 150
M, My, [GeV]

Higgs Days 2012 Santander 28

9 categories

No CPU time for full
simulation

3 MC generators, don't
expect them to perfectly
reproduce the background
data

Select parameterizations
which can incorporate shape
uncertainty in unconstrained
nuisance parameters without
producing false signals

A. Read, U. Oslo



Category Function

BG model selection

Max |Sgp
(my [GeV])

b \/g (.-\"5:]

Yoo (o0)

Pass

Passair

2.1 (117)

-45 (11)

18 (12)

-35 (14)

13 (16)

-0.23 (110)

-15 (1.5)

-6.4 (3.5)

Epoly2
Epoly3
Bernd

Bernd

12 (117)
9.2 (112)
3.4 (111)
5.8 (111)

2.8 (111)

50 (23)
41 (23)
15 (22)
26 (22)

13 (22)

35 (33)
26 (36)
8.8 (38)
16 (36)

7.1 (40)

Exp

0.5 (132)

19 (2.6)

7.2 (6.9)

-4.4 (126)

1.6 (117)

64 (6.8)

22 (7.4)

-34 (13)

10 (16)

-0.27 (110)

-27 (0.98)

-8.0 (3.4)

Epoly2
Epoly3
Bernd

Bernd

6.5 (122)
5.8 (122)
-6.3 (110)
-6.3 (110)

-4.5 (110)

20 (22)
26 (22)
-29 (22)
-29 (22)

-20 (22)

18 (37)
14 (40)
-13 (48)
-14 (46)

-8.8 (50)

0.45 (134)

18 (2.5)

5.7 (7.9)

-16 (130)

-3.2 (110)

-179 (9.1)

-33 (9.9)

-59 (28)

-8.3 (39)

Higgs Days

2012 Santander

e the exponential function
Ne #mn (8.25)

where N and 8 were the fitted parameters — the normalization and slope of
the exponential, respectively;

the exponential polynomial of order n (orders 2 and 3 were used)

Bim!

P
ei=o

(8.26)

where 3; were the fitted parameters. Note that the latter ¢ is not an index,
but the power m.,, is raised to. The normalization, NNV, is described by the
first term, e®;

the Bernstein polynomial of order n (orders 3—7 were used)

ba(t) = Zos (’;) BL—t)n

14 [GeV]—100
where ¢t = Lﬁl—, and where §3; were fitted parameters.

A. Read, U. Oslo




Residual (unknown!) bias:
Spurious signal term in likelihood

ackground
round + spurious signal

round + spurious signal + signal

' © Harder to discover

Harder to "

Sherpa, Bernsteind, CP7

135 140 145 150

160
mH [GeV]
Myy [GeV)]

Unbiased » Biased
background / / background
model | f model

Higgs Days 2012 Santander 30 A. Read, U. Oslo



@ NP's broaden the likelihood

1
=g
o

Nuisance parameters

profile for the parameter
of interest

ISAPP 2013

CMS preliminary \s=7TeV,L=5.1fb"\s=8TeV,L=19.6fb™

- ; :

< i e my, 8 m, KD (no syst.)

S, — m,, & m, KD (with syst.)
] . .
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Nuisance parameters

® Parameters fitted directly to the
data but no real interest

ATLAS

Js=7TeV: [Ldt=4.8fb"
¢ Data

— Z+jets and tt

Events/4 GeV

@ E.g. parametric background; S|
both shape and normalization
uncertainty

® Parameters from external
estimates that incorporate
systematic uncertainty

ATLAS } DataS/B Weighted
——— Sig+Bkg Fit (mH=126.5 GeV)
Bkg (4th order polynomial)
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@ E.g. luminosity, signal theory, e
mass r€SO|UﬂOn, €|€C1'r0n, muon 15=8 TeV, [Ldt=5.9fb" Hoyy
and jet energy scales

¥ weights - Bkg

ISAPP 2013 32 A. Read, U. Oslo



Constraining nuisance parameters with data

@ In the profile likelihood priors are implemented as
constraints with external pseudo-measurements (which in
many but not all cases are real measurements).

L(datal u,0) = Poisson(datahl us(@)+b(0))x p(61 é)

—_—— —

Control region
auxiliary
measurement

@ If signal and background are ambiguous (e.g. counting
events) the constraints (e.g. prior on the background) may
break the ambiguity but uncertainty is governed by the
constraint/prior.

Signal region main measurement

@ If there is a contraint/prior but the signal and background
are NOT ambiguous (e.g. there is a mass or ionization
distribution which partially discriminates between them) the
uncertainty is reduced by the information (via the fit) in the
data.
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https://indico.cern.ch/getFile.py/access?contribId=8&resId=2&materialId=slides&confId=233551
https://indico.cern.ch/getFile.py/access?contribId=8&resId=2&materialId=slides&confId=233551

1 vaniation Fi 1 sample

Shape systematics

@ Dont always have parameterized shape

® Interpolate between templates
(interpolation distance is nuisance
parameter)

@ Various interpolation strategies in
Linear interpolation of histograms ROOT, tradeoff between speed and
AL Read’ accuracy (and sometimes unintended

University of Oslo, Department of Physics, P.O. Box 1048, Blindern

http://dx.doi.org/10.1016/S0168-8002(98)01347-3, How to Cite or L| CO nseq uen C€S)
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http://www.sciencedirect.com/science/article/pii/S0168900298013473
http://www.sciencedirect.com/science/article/pii/S0168900298013473

MC statisics

@ In HEP the simulations tend to be computationally
expensive - limited MC statistics is sometimes a real
ISsue.

@ Put a Poisson term (nuisance) on each bin. The
higher the MC stats the more this will constrain
the shape to the predicted shape. If the statistics
are poor the data will constrain the background
shape at the cost of reduced sensitivity to ’rhe

signal (i.e. higher uncertainty). X

COMPUTER PHYSICS
COMMUNICATIONS

@ Usually based on Barlow-Beeston:

Fitting using finite Monte Carlo samples

Roger Barlow &  Christine Beeston
Department of Physics, Manchester University, Manchester M13 8PL, UK

http://dx.doi.org/10.1016/0010-4655(93)90005-W, How to Cite or Link Using DOI
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http://www.sciencedirect.com/science/journal/00104655/77/2
http://www.sciencedirect.com/science/journal/00104655/77/2

AA - Asymptotics and Asimov dataset

arXiv.org > physics > arXiv:1007.1727 Search

Physics > Data Analysis, Statistics and Probability

Asymptotic formulae for likelihood-based tests of
new physics

Clen Cowan, Kyle Cranmer, Eilam Gross, Ofer Vitells
(Submitted on 10 Jul 2010 (v1), last revised 3 Oct 2010 (this version, v2))

We describe likelihood-based statistical tests for use in high energy physics for the
discovery of new phenomena and for construction of confidence intervals on model
parameters. We focus on the properties of the test procedures that allow one to account for
systematic uncertainties. Explicit formulae for the asymptotic distributions of test statistics
are derived using results of Wilks and Wald. We motivate and justify the use of a
representative data set, called the "Asimov data set", which provides a simple method to
obtain the median experimental sensitivity of a search or measurement as well as
fluctuations about this expectation.

Subjects: Data Analysis, Statistics and Probability (physics.data-an); High Energy Physics -
Experiment (hep-ex)

Journal reference: Eur.Phys.).C71:1554,2011
DOI: 10.1140/epjc/s10052-011-1554-0
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http://arxiv.org/abs/1007.1727
http://arxiv.org/abs/1007.1727

AA - Asymptotics and Asimov dataset

9°ImL]  9°InL,
00,00y | ~

00,00,

Eln] =v; = p'si(6) + b;(6) ,
Eim;] = u;(0) .

Compact formulae for
both observed results
B and expectations (including
fluctuation bands)

f(gol0) = %5(%)

L S
2V2n Vi
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Curiosity: Precursor to Asimov dataset in

LEP

(DELPHI) Higgs combination code

SUBROUTINE FeGlnom(s)

of Monte Carlo and semi-analytic computations.

LR

and background-only experiments.

Lrwt = log(l. + sixbkgprdx(i)/bi/sigprdx(i))
lngisb = -si + (si+bi)*lrwt

lngib = -si + bixlrwt

ava2lnqsb8 = avg2lngsb8 + Llnqgisb

ava2lngb8 avg2lngb8 + 1lngib

H(si+bi)*Lrwtsx2
bi)*Lrwts%2
avar2lngsb8 + r2lngisb
avar2lngb8 + r2lngib

r2lngisb
r2lngib ok
avgr2lngsb8
avar2lngb8

ISAPP 2013 38

Compute the expected Likelihood Ratio for the combined counting and
invariant mass (or other discriminating variable) measurement experiment in
multiple channels. This only works for combinations where for each

channels the number of background and signal bins is indentical. This

is fast and simple to compute and can serve as a precise check

The expected -21nQ (Q is likelihood ratio) is computed both for
background-only and signal+background hypotheses.

10.12.99 Add the RMS of the distributions of -21lnQ for signal+background

@ But unlike CCGV not
possible to freat
nuisance parameters

A. Read, U. Oslo



\ﬁ UNIVERSITY OF MICHIGAN AARON ARMBRUSTER

Combination Details

e At first (one or two combinations), ATLAS results were fully based on toys

e As model grew, these became impractical
- ~570 nuisance parameters at fime of discovery
- ~310 of these are due to MC stats, freated Barlow-Beeston style

e ~10-30 minutes per fit—20-60 minutes per toy
= O(millions) CPU hours to produce full result

—T——7—7
— Observed Asymptotic
ATLAS .
" Expected Asymptotic
Ldtf: 1'(7)47;3.9 fo [ = 20 Asymptotic
s= [T = 10 Asymptotic
* Observed Ensemble
» Observed Bayes

T
—

|llllIlllll‘llllllllllllllll

—
o

- CMS Preliminary —e— CLs Observed
) \s=7TeV 8 CLs Expected (68%)
L=4.6-4.81fb" ClLs Expected (95%)
Bayesian Observed
Asymptotic CLs Obs.

=

2}
A
©
c
o
E
_1
O

—
™

lIIIl!‘llllllllllTllllllTlflllll

CL, Upper Limit on (o/o,,) at 95% CL

el l hed ‘ ’ L . 1 L | | NN EEE
180 a 200 200 300 400 500
my, (GeV] : Higgs boson mass (GeV)
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https://indico.cern.ch/getFile.py/access?contribId=4&resId=0&materialId=slides&confId=233551
https://indico.cern.ch/getFile.py/access?contribId=4&resId=0&materialId=slides&confId=233551

Data-driven methods

@ HEP depends heavily on Monte Carlo calculations of
physics processes and detector response for both
signals (known and hypothetical) and backgrounds.

@ Sometime we just dont know and/or have reason
not to trust the MC results.

@ Various data-driven methods used to estimate
background in signal region.

@ Fits (unbinned, many bins) with sidebands

@ Variations of “on-off”: ABCD, Matrix method,
fit to shapes derived from well-understood
(signal-free) control regions, ...

Higgs Days 2012 Santander 40 A. Read, U. Oslo



Other data-driven methods (ABCD)
(Variations of on-off and sideband fits)

@ Known small
backgrounds
(e.g. electroweak
processes):

-
(=]

K
HA B.C,D
@ Poorly known

("Unknown”)
backgrounds:

9
8
7
6
5
4
3
2
1

e_#éu?r
L(na,ng,nesnplp,0,) = Wicanop——

i+

p+ph +p

bu + ug + uU'rB
cp+ pg + pVe
dp + pgs + pUrp7e

® Correlations should be
accounted for as well...

Higgs Days 2012 Santander 41 A. Read, U. Oslo




“Matrix method”
(Variation of Bob Cousins’ homework problem)

@ Suppose you know you have only two particle species in
your sample and know how to tag them but dont know

the mixture (e.g. pions and electrons).
@ N = true number, C = Counted by experiment

Tt gt

s v UTeall)  BCERRA N f N
m* Bigs o SRR Gok o0 Pl — fLAN,

et — g f (" fake”)

et Tyies g SINCRE NV r T " &=
Ne>_<1—r 1—f> (Ce

® Homework: reformulate as 2-bin maximum likelihood
(note: Nr. parameters=Nr. measurements - why is this

“*bad”?)

Higgs Days 2012 Santander 42 A. Read, U. Oslo
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Uncapping (open issue)

ATLAS Preliminary

— G 111)

—f(g_110)

Local P-Value

e

fig_010)
—fg 011)
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= CMS Preliminary, \'s = 7 TeV

Combined, L_ = 4.64.7 "

—— Observed
--- Expected for

background

-6 pi
i 1.
100 102 104 106 108 110 112 114 116 118 120

m(GeV/c?)

No change in
interpretation
of limit or significance

Visualize deficits for
Po and excesses for
CLs

Need to convince CMS
colleagues... :-)

A. Read, U. Oslo



Look-elsewhere effect (LEE)

SPECIAL ARTICLE - TOOLS FOR EXPERIMENT AND THEORY

Eilam Gross and Ofer Vitells

 Rule of thumb for trials T, B 5
factor used before LHC G

® Eilam and Ofer discovered

T
that trials factor grows with TF ~1+ \/§NZ
significance Z (ROT ~OK for Z=3)

ISAPP 2013 44 A. Read, U. Oslo
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Look-elsewhere effect (LEE)

wn
(=4

&

(oY
=

o
(=

Events / unit mass

10}

pglobal & p%)ocal+ < N(Qref) > e—(q—qref)/2

& P(x3 > Z?)
Plam) > 22) = TV P s 29)
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Fit to background toy

A RooPlot of "mes"

N
W

ackground only |

Events / ( 0.05)

20

b

backgr‘[ound + signal@0.
—_—

/

—ﬁ)—C

-

background+ F&oa’ring' signal
l lOLIl . l0.12l - lO.l3l - lO.I4l . l0.5l l0.16l - lO.l7l - lO.I8l o
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2 examples toy fits

Events / ( 0.05)
Events / ( 0.05)
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138 Mfits - it all checks out

Delta 2NLL for fitted gaussian versus background

dnll_float
Entries 1.377e+08
Mean 2.919
RMS 21

e
o
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—
<
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)

Fitted reqions
/ g

2
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w
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Energy (mass) scale
systematic uncertainties

@ Local look-elsewhere effect
when combining channels with
different energy (mass) scales,

e.g. €|€C'|'I”OFIS, phO'l'OﬂS, muonS, - 2012 Exp. Vs=7TeV:[Ldt=481b"
: 3 —— 2012 Obs. Vs=8TeV:[Ldt=591b"
jets 5
2011 Exp. 2011-2012 Exp.
—— 2011 Obs. ——2011-2012 Obs.
i NO.I- accoun.l-ed For ln asymp1-01-|c 110 115 120 125 130 135 140 145 10
expressions, nor in the classical m,, [GeV]
look elsewhere effect ® Illustration: Imagine we had

(illegally!) aligned the red and blue
curves by hand before combining...

o i.e. we dont yet use the Higgs
boson for detector calibration!!

ISAPP 2013 49 A. Read, U. Oslo



Example: 1 uncertain mass scale

pglobal ~ p%)ocal_l_ < N(Qref) e 6_(q_Qref)/2

A - mass internal

: u=qg=-2lnAL
O m - mass resolution (e )

—uf2V 27I'O’M

E[N]] < IP’(X > u) + Nie

Leadbetter (1965),
O. Vitells (2012)

P.S. Ofer, please publish your work!!
ISAPP 2013 50 A. Read, U. Oslo
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Extrapolate ESS correction

@ In practice, several energy
scales

q0 distribution

Entries 182798

4l o Dont need O(10/po) fits to
MC toys to estimate tiny
effect!

@ Several nuisance
parameters, perform
empirical fit

0(0.1 0) effect around
5 0 for ATLAS

ISAPP 2013 51 A. Read, U. Oslo



What about Bayesian methodology
in LHC Higgs boson searches?

* Up to Moriond 2012, CMS produced limits
with three prescriptions, to check robustness.

— CLs using Toy MC
— CLs using asymptotics

— Observed Asymptotic
Expected Asymptotic
[ ]+ 20 Asymptotic
[ + 16 Asymptotic
= Observed Ensemble
- Observed Bayes

ATLAS
Ldt=1.04-4.91b"
\s=7TeV

CMS Preliminary —e— CLs Observed
\s=7TeV #8 CLs Expected (68%)
L=46-4815" ClLs Expected (95%)
. Bayesian Observed
——— Asymptotic CLs Obs.

—
o

— Bayesian w/ flat prior

=

2
L
©
c
o
E
-
O

CL, Upper Limit on (c/c,,) at 95% CL

525:_ CMS, (5=7TeV,L=4648M"

Probabiity

— posterion density Hu)
— 95% CL upper hmit

JEN IS IS BT TETETE ST TETTITY N S
5 - 200 300 400 500
T6 8101214618202 00 R T Higgs boson mass (GeV)
13-02QQ13 1. m_ = 111.5 GeVic?) 1 (R, Bet1acSiGal/R)SD)

Limits, with flat prior, very consistent with
CLs limits derived in frequentist framework

@ No attempt (yet) to quantify excess at
125/6 GeV with Bayes factors

ISAPP 2013 52 A. Read, U. Oslo



What about Bayesian methodology
in LHC Higgs boson searches?

1 Ho5%C L
L) = & [ pldatalus +8) po(0) m) ol [ L) du = 0.5

@ Louis Lyons and David van Dyk (Statistics,
Imperial College) want to analyse Higgs boson

discovery in Bayesian framework _ pr(D|H,)
12 —
pr(D| H>)

@ “Bayesian wear their priors on their
Sleeves pr(D|H,) = f pr(D |0, H,)m(0;| Hy) dby

@ However, statistical procedures applied to
Higgs boson discovery “among the most
rigorous of complex scientific data today”

ISAPP 2013 53 A. Read, U. Oslo



Limits interpretation

@ freq: upper limit on u at 95% CL does NOT mean that P(u<uwp) = 5% ! Only
conclusion is that we didnt see anything in the data consistent with u>uy (with a
method that is guarantied to be wrong 5% of the time).

@ Bayes: upper limit on u at 5% (1-95%) of posterior density DOES mean P(u<uyp) = 5%
BUT there is a prior that the physics of u exists.

@ CLs has same interpretfation as freq but protected against obvious wrong freq limits
for insensitive experiments

@ Cost of robustness is overcoverage (e.g. wrong less than 5% of time for 95% CL)
® Otherwise many same features as Bayes limits

@ “Lucky” background fluctuations dont give obviously optimistic limits

@ Increased uncertainty doesnt improve a search

@ Adding a low-sensitivity channel hardly improves the search

ISAPP 2013 54 A. Read, U. Oslo



From exclusion to discovery to measurement

Release 1 by 1 the model assumptions in the
statistical model used in the search, e.g.

Background (scan my)| A= 0.ms) = L(f(ﬂ,??;:,?f)
Signal (scan mp) | A(p,mu) = ,?EZZZ?%
Mass consistency N\(mg) = L(,fi(Z’xz’,if’,?z,é)

Mass o i o)
Signal and mass | Ay, mu) = EEZZZ?‘;

ISAPP 2013 55 A. Read, U. Oslo



Signal strength vs mass

ATLAS 2011 — 2012
\s=7TeV: [Ldt=4.7-4.8 fb" + Best fit

C \s=8TeV: |Ldt=5.85.9fb" 8% 0L @ Contours not

----95% CL
—Hom shown for
—H-22" 5 al

—Howw” S vy u _>O

=
<
-~
o
c
)
-
7
©
c
2
%)
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Testing J° - 2 point hyp. test

ISAPP 2013

[
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©
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Z
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<
©
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<

ensity

e
=

(a) LEP .
— Observed my, = 115 GeVic
== Expected for background
Expected for signal
plus background

Probability d

ATLAS Preliminary fq="50%
\s=8Tev,_[Ldt=2o.7fb“ —H 0" [125]
Ho ww'— evuv/uvev + 0 jets —H2' [1 25]

Pseudoexperiments

10 20 30
2xIn(L, /Ly)
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Mass measurements

ATLAS Preliminary Combined (stat+sys)

Vs=7TeV:|[Ldt=4.6-4.8fb" Combined (stat only)

Vs=8TeV: [Ldt=20.7 fb — Mo
—H-22" S

N
124 125 126 127 128 129
my, [GeV]

ATLAS Preliminary
\s=7TeV:[Ldt=4.6-4.8 "
\s=8TeV:|[Ldt=207fb"

5
m,,-m,, [GeV]

ATLAS Preliminary
\s=7TeV:[Ldt=4.6-4.8 fo
\s=8TeV:[Ldt=20.7 fb!

X Best fit
— 68% CL
95% CL

99.7% CL
— Am,=0

124 125 126 127 128 129
m,, [GeV]

@ Compatibility,
combination

58
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Implementation

K. Cranmer, G. Lewis, L. Moneta, A. Shibata, and

W. Verkerke, HistFactory: A tool for creating statistical
models for use with RooFit and RooStats,
CERN-OPEN-2012-016 (2012).
http://cdsweb.cern.ch/record/1456844.

L. Moneta, K. Belasco, K. S. Cranmer, S. Kreiss, A. Lazzaro,
et al., The RooStats Project, PoS ACAT2010 (2010) 057,

arXiv:1009.1003 [physics.data-an].

W. Verkerke and D. Kirkby, The RooFit toolkit for data
modeling, Tech. Rep. physics/0306116, SLAC, Stanford, CA,
Jun, 2003. arXiv:physics/0306116
[physics.data-an].

CERN Program Library Long Writeup D506

MINUIT

Function Minimization and Error Analysis

Reference Manual

Version 94.1

F. James

ISAPP 2013 A. Read, U. Oslo


http://cds.cern.ch/record/1456844
http://cds.cern.ch/record/1456844
http://arxiv.org/abs/physics/0306116
http://arxiv.org/abs/physics/0306116
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://arxiv.org/abs/1009.1003
http://wwwasdoc.web.cern.ch/wwwasdoc/minuit/minmain.html
http://wwwasdoc.web.cern.ch/wwwasdoc/minuit/minmain.html

Summary

@ Statistical practices in HEP evolved during the

Higgs boson searches from LEP to Tevatron fo
LHC

@ Profile likelihood (ratio) used for searches as
well as measurements (MINUIT fits at the
base)

@ The full chain from exclusion fo
measurements via discovery carried out in a
common framework

@ Bayes and non-standard treatment of limits (CL;)
widely used in HEP

improbabile rerum cotidie fieri

ISAPP 2013 (J0) A. Read, U. Oslo



The Unconditional Ensemble

L(datal u,0) = Poisson(data | us(0)+ b(0))x p(618)
W Ne——
Control region
auxiliary
measurement
The nuisance parameters represent uncertain aspects of the model
(background normalization and shape, systematic uncertainties) :

Signal region main measurement

- Initial measured value of the parameter 60 G(Hléo,a) Marumi Kado

A

- First fit the data (typically under the alternate hypothesis) 0
A

- The nuisance parameter 6 is fixed for generation to default measured value

- The auxiliary measurement is randomized 1F
liary 0 zd G@16,,0)

-Fit @,0 intoys G(616,0)

N

¢ Build a combined likelihood £(u,8) = (] [ £9(1.6:)) x (J] A°))

= =

- 0 is now the set of all unique nuisance parameters

- Some &’ are shared between channels. This must be recognized to
ensure proper correlation. A. Armbruster
ISAPP 2013 A. Read, U. Oslo
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