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Terms

The expected SM Higgs boson event yields will be
generically denoted as s, backgrounds as b

— these will stand for event counts in one or multiple bins or for
unbinned probability density functions, whichever approach is
used in an analysis

Signal strength modifier p

— that is taken to change the SM Higgs boson cross sections of all
production mechanisms by exactly the same scale

Uncertainties that are handled by introducing nuisance
parameters 6

— so that signal and background expectations become functions of
the nuisance parameters: s(6) and b(0)

The systematic error pdfs p(66,)

— where 8, is the default value of the nuisance parameter, reflect
our degree of belief on what the true value of 6 might be



Construction of the likelihood (1)

The likelihood in Higgs searches starts from very basic
construction, Poisson likelihood:

Poisson (data | us+b) = H(M 5 +b)" o sih

a product of Poisson probabllltles to observe n events in
bins . When bin size is infinite small, unbinned likelihood
is used for the data sample with k events:

KM [ S £.06)+ B+ f,(x)) e

Where f(x) and f,(x) are pdfs of signal and background of some observable(s) x, while S
and B are total event rates expected for signal and back grounds.




Construction of the likelihood (2)

LEP did not include systematic uncertainty pdfs in the
likelihood

Tevatron extends the likelihood by including
systematic errors pdfs

[(datal t,0) = Poisson(data | u- s(6)+ b(0)): p(016], )

and maximizing it w.r.t. nuisance parameters (in
frequentist approach) in order to yield better
sensitivity when expected signals are small and
systematic uncertainties on backgrounds are large

The same likelihood function used in both Tevatron
and LHC for Bayesian




Construction of the likelihood (3)

* LHC also includes systematics uncertainty pdfs p(66,),
but which are re-interpreted as posteriors of some real

or imaginary measurements 6,

 From the Bayes’ theorem: p(6|90)=p(90|9)-ne(6),
where 11,(6) functions are hyper-priors for those
“measurements”

L(datalu,0)=Posson(datal - 5(6) +b(0)): p(6,10 )

* This way, the pdf p(6,|6) can be used to constrain the
likelihood of the main measurement in a frequentist
calculation and the auxiliary “measurement” pdf

p(6,]6) can be used to construct sampling
dlstrlbutlons of the test statistic following the pure

frequentist language




Test statistics for limits

LHC maximizes the denominator likelihood w.r.t. to u with
constraints 0<(<pu (one-sided construction and allowing
better asymptotic approximation), while LEP and TEV fix u=0
in the denominator

Both TEV and LHC profile for nuisance (fully exploring data
information to constrain nuisance), while LEP does not profile
nuisance ( there aren’t any )

Test statistic Profiled?
L L(data|p,0)
LEP . = —21In c(data|g,é) no
Tevatron | ¢, = —21In i((cjlzzllg’gg)) yes
~ L(data ,éL
(0<pa<p)




Test statistics for significance

* Profile likelihood ratio for LHC, but
constructed with pu=0 (testing null hypothesis),
and G constrained to be positive (or
unconstrained) in the denominator

* Tevatron uses best fit value of u as test
statistics, nearly as optimal as using likelihood
ratio in their searches



Toys generation

At LHC, the test statistics distribution is built without
explicit Bayesian marginalization, in the pseudo-
experiments, the external measurements are
randomized, not the nuisances: purely Frequentist
approach

 LEP and Tevatron both use the hybrid Bayesian-
frequentist technique for the test statistics sampling,
by modifying s(0) and b(B) before each pseudo-data
set is generated by drawing random numbers from the
p(0]6,) distributions, i.e. the treatment of nuisance
parameters is explicitly Bayesian



pdfs for nuisance parameters: Gamma

For a systematic uncertainty on a
background yield whose origin is
statistical, e.g. for backgrounds
estimated from control regions with

4]

small yield:

the expected yield in the signal region is

v=a-0

* 0O isthe unknown true yield in the
control region

* ais some extrapolation coefficient

Gamma
| for 10..50%
| uncertainty

Probability density, dp/de
W

* O, is the observed yield in the control o
region

* L(B,]0) is the usual Poisson likelihood

The Bayesian posterior for B orvis a
Gamma.



pdfs for nuisance parameters: Log-normal

In general, systematic uncertainties

on positive definite quantities are

modeled using log-normal pdfs:

the expected yield isv =v, - kK%~

always positive.

* Kk quantifies the size of the effect
(k~ 1+ Av/v)

* 0-0,is the shift of the measured
yield, in log scale

* L(B,]0) is a unit Gaussian G(6, | u
=0,0=1)

The Bayesian posterior for vis a

Log-Normal.

For small uncertainties, it’s very
close to a Gaussian.

Probability density, dp/de

o

Log-normal
for 10 .. 50%
uncertainty




pdfs for nuisance parameters: others

* Parameters with no prior knowledge, e.g.
the yy background: uniform distribution

* Other systematics, e.g. on parameters of
shapes: Gaussian L(6,|0) and Gaussian
posterior for O



Bin-by-bin statistical uncertainties

* In CMS, only some bin-by-bin independent
statistical uncertainties are included and also
profiled to avoid blowing up the number of
nuisance parameters (verified explicitly to be
small effect)



Statistical methods: limits

Primary method for setting limits: “frequentist CL;”

e Compute the probabilities for 0 10% T 1)
a pseudo-experiment from the B f(ﬁuﬂl 1)
signal or background hypothesis to R
look more background-like than the
real data

* Define the CL; as the ratio of the
these probabilities CL; = p(S+B)/p(B)

* Avalue o/o, is excluded if %
for that signal hypothesis CL < 5% o .év. . 1H0h. T

Other methods for cross check: Test Staistic &

 Asymptotic CLs: Cowan, et al, Eur.Phys.J.C71:1554, 2011 "

* Bayesian: flat prior on y, determine the interval [0, u2>%]
containing 95% of the probability (all nuisance parameters

integrated away)
All.three methods usually give consistent results

Observed value

Number of toy




Statistical methods: significances

Local p-value:

* Probability for the background to give a signal-like
fluctuation as big as the observed one

* Main results with Asymptotic method, cross checked by
using pseudo experiments

Look-elsewhere effect:

* Depends on the correlation between the background
yields at different Higgs mass hypotheses

* Can be estimated directly from the number of times the
observed fit 6/0.,, crosses the line at zero (relative
uncertainty proportional to VN)



Likelihoods of CMS Higgs searches

 What likelihoods are available or being made available

for the Higgs studies?

— Inputs start from plain text files including all necessary
information, e.g. expected event yields in each channel/
process, observed events, uncertainties and their pdf
type, path to read in histograms, RooFit pdfs, etc. allow
two independent statistical frameworks to work

— Likelihoods built with RooFit/RooStats language, available
in RooWorkspace format

 What are the examples of analyses that go beyond a

single count?

— At low mass, almost all analyses go beyond a single count,
either use histogram based binned analysis (Htt, HWW,
Hbb) or parametric unbinned analysis (Hyy, H>Z7Z—>4l)
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Likelihoods of H>yy (1)

e Based on diphoton invariant mass 3
distributions, searching for a peak ¢
over continuums 2

z

In total 11 categories (4 diphoton
classes according to BDT output, and
one dijet tag class for 7TeV and two
dijet tag classes for 8 TeV)

Signal is modeled empirically by a
sum of 2 or 3 Gaussians in each class,
depending on the class

Background is modeled by 3, 4 or 5-
order polynomial function via fitting
data diphoton mass distributions in
each class, depending on the class

Events/ (1 GeV)
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Likelihoods of H2>vyy (2)

e Systematic uncertainties affecting the shape
are incorporated as parametric variations of
the model, Gaussian (flat) uncertainties for
signal (background) shape parameters

e Systematic uncertainties which affect the
diphoton BDT output are incorporated as
correlated log-normal uncertainties on the
class yields (i.e. as class migration systematics)

* Flat uncertainties for background
normalization



Likelihoods of H=>7Z2—>4| (1)

* Baseline analysis of H>7ZZ->4l is using
2D distributions (m,,,KD), unbinned

likelihood
* Six categories (4e, 4mu and 2e2mu)x(7
and 8 TeV)
. . . CMS preliminary Vs=7TeV,L=5.1fb"\ys=8TeV,L=122fb"
* m,dimension, i.e. mass shape 3 O T
— Signal: a relativistic Breit-Wigner ok @aox
parameterization convoluted with a N gi’_‘fw }
T = eV__

two-sided Crystal-Ball function 15

— Backgrounds: parameterized with
empirical functions using MC simulation
for ZZ background and data control
regions (assuming signal free ) for Z + X
background S0 0 o 60180

* Kinematic Discriminant dimension: M (V)
conditional 2D templates
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Likelihoods of H2>Z7Z—>4| (2)

* The correlated two-dimensional (m,,KD) distribution
is described by the two-dimensional probability
distribution °’(m41,KD) for signal and background as
follows
Tsig(m4li KD) = Tleig(mM I mH)x,‘Ts’ig(KD I m4,)

Py, KD) = P10 (my)x Ty, (KD [ my),

where P'P(m,) are the analytical 1D mass distributions used in 1D fits. The
2D distributions ’.Z:ig(KDlmM) and ’I;kg(KD |m,,) are 2D histogram templates,
which are normalized in the KD direction at any given value of m,,

CMS Preliminary Ys=7TeV,L=5.05f "';{s=8TeV,L=1221f ' CMS Preliminary ¥s=7TeV,L=5.05f ";{s=8TeV,L=1221f "
Cross-check results with alternative Ki Cross-check results with alternative KD

2
0
®¥] Higgs template
4
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Likelihoods of H=>77—>4| (3)

* Gaussian uncertainties on signal m, shape
parameters (scale, resolution, etc)

* Gaussian pdfs for the nuisance parameters
which control the KD template shape
uncertainties (via morphing technique)

* Background shape uncertainties are negligible
w.r.t. normalization uncertainties



Likelihoods of HWW, Hbb, Htt

* Histogram based binned likelihoods

e Gaussian pdfs for the shape uncertainties (via
morphing technique)



Combined likelihood

* Product of all individual (sub-)channel
likelihoods

— 115 sub-channels @ 125 GeV

* Correlations of various systematics
uncertainties properly taken into account
— ~1150 nuisance parameters @ 125 GeV

* For limit and significance calculations, only
one POI, i.e. the common signal strength
modifier



Assumptions for the combined likelihood

 The biggest assumption is the SM, everything is known
except the Higgs boson mass

— The signal strength modifier changes the SM Higgs boson cross
sections of all production mechanisms by exactly the same scale

— The decay branching ratios are assumed to be unchanged
— Same Higgs boson mass in all channels

e All sources of uncertainties are taken to be either 100%-
correlated (positively or negatively) or uncorrelated
(independent)

— Partially correlated errors are either broken down to sub-
components that can be said/declared to be either 100%

correlated, whichever is believed to be appropriate or more
conservative

— To include all constraints in the likelihood functions in a clean
factorized form
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Property measurements of the boson

What precise mass is it ?

How does it couple to other particles ?
What are its quantum numbers ?
What's its natural width ?



Procedure for parameter estimate

Use profile likelihood ratio to scan and extract signal model
parameters a

L(obs b, 0
q(a) — _2 ln (O blS([l)—I— Aa)
L(obs|s(a)+b, 0)
Parameters d and 6 are the best fit set which maximizes the

denominator likelihood

68% (95%) CL on a given parameter of interest a. is
evaluated from g(a, ) =1 (3.84) with all other
unconstrained model parameters treated in the same
way as the nuisance parameters

The 2D 68%(95%) CL contours for pairs of parameters
are derived from q(a; a;) =2.3 (6)

Some results are cross checked by Bayesian and F.C.
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Mass measurement

* Last parameter of SM to be measured
* With high resolution channels

* Parameterize everything in Hyy and H>ZZ->4l
as function of Higgs mass: cross section,
branch ratio, acceptance/efficiency,
parametric shape parameters so that we can
fit for Higgs mass (POl)



per-event mass uncertainties

* The 4l or yy mass resolution can be quite
different for events in the same final state,
depending on kinematics and detector effects

e Using the expected lineshapes from MC events
gives the correct answer on average:

— Ok for yy: large yields, categorization by resolution
— Not the best thing for 4l, with low event yields

* Using per-event uncertainties allows to give a

more accurate estimate of the mass and of its
uncertainty



3D pdf of H>ZZ->4l

* Add per-event mass uncertainties as the third
dimension observable

* Having checked explicitly negligible correlation
between KD and per-event mass uncertainty, 3D
pdf of signal can be written as

Ts"i(mm’ KD, 8m,)) = P2 (m,| mH'6m4I)x7:|g(KD | m4l)x7:|g(5m4||
my)j,

where in the mass shape dimension, the average detector
resolution is replaced with per-event mass uncertainties for each
event, T ¢(6my |my) is 2D histograms, which is normalized in the
KD dlrectlon at any given m,

* And for background, the 3D pdf is
Py (Mg, KD, 8my) = ?lDbkg(mm)le; (KD my)x Ty, g(dmyIm,),

where T o(my, dmy)) is 2D histograms, which is normalized in the
KD direction at any given my,

sig



Combined mass measurement

* Current mass measurements are driven by the experimental
challenges:

— calibration of lepton & photon energy scales
— statistical uncertainties , especially for ZZ 4l

e Current mass measurements are done in a makeing no assumption
on individual 6'BR, i.e. separate signal strength modifier for each
decay mode, also separate for inclusive and dijet tagged categories

e The measured mass is 125.8 + 0.5 GeV

CMS Preliminary {s=7TeV.L<51fb' \s=8TeV.L< 122"

CMS Preliminary ys 7TVL 51fb Vs=8TeV.L<12.2fb"
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Summary

* Technically, it’s ready for publishing
likelihoods

— All publised likelihood scan as function of POls can
be provided with simple forms(plots, text file,etc.)

— Likelihoods with detailed models can be provided
in RooWorkspace form

 We're now in the territory of measuring Higgs’
properties



Back up
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Frequentist CLs limits

For each value of the signal strength u = o/a),
1. Evaluate on the data the test statistics (profile likelihood)

L(data|u, él-‘)
L(datalf, 6)

2. Determine the values of the nuisance parameters 0 that provide a
best global fit to data and external measurements 6,, separately
for the case of no signal and for the tested u

3. Use those values to generate an ensemble of pseudo-experiments
for background-only and signal+background. In each pseudo
experiment, generate also values of the external measurements
e0

4. Evaluate test statistics for pseudo-experiments, compare with the
one of data and build CLs,;, CL; and CL, = CL,,,/CL;

5. If CLs<0.05, then the value of pis excluded at 95% CL.

qu = —2In , withaconstraint0 < i < pu




o/0.,, intervals with F-C
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Feldman-Cousins in 2D

e Define test statistics from 2-dim. profile likelihood

e At each point in parameter space, toss toys to
determine if the observed test stat. is within the best
68% of the toys from that parameter point

“qq H+VH

HC 2012
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