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Higgs searches at LEP
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LEP 1 searches (1989-1995)
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(much smaller cross section
larger backgrounds ee—qqy)

2 <mn < 20 GeV
look for heaviest fermion kinematically allowed

my > 20 GeV
Higgsstrahlung: Z—vv or Z—=ete (u+ur)
H—bb
10 signal events expected in 13 106 events
(all other channels swamped by Z—qgqg bkgs)

LEP 1 limit: mH > 65.6 GeV @ 95% CL



Production and decay
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(and interference between the two production modes Z—ete-, Z—vv )

ETH Mauro Donega: Higgs physics



LEP 2 (1995-2000)

Threshold effect : Minreshold = V'S - Mz

= the LEP Higgs sensitivity

depends dramatically on +/s

- Total Cross Section

at \s = 209 GeV
.

10
o
S
c
g Vs = 206.6 GeV
‘§ — Total Cross Section -
@ Higgsstrahlung :
o - Fuslon+Interference .
o 2 .

10

100 105 110 115 120 125
M, (GeV)

ETH VMauro Donega: Higgs physics

130

Machine design highest energy:
RF: 6 MV/m, v/s = 192 GeV
mH sensitivity up to ~100 GeV

Upgrade and be smart to surpass
the design capabilities:

- upgrade cryogenics: RF up to 7.5 MV/m

(increased stability)
Vs =204 GeV :mH < 112 GeV

- run with one klystron margin
(average trip frequency reduced below 1h
thanks to improved stability)
Vs =205.5GeV ' mH < 113 GeV

- reduce 350MHz RF by 100Hz
(different orbit effectively more bending from quadrupoles)

Vs =206.6 GeV ' mH < 113.6 GeV

- Unused orbit correctors used as dipole
Vs =207.3 GeV ; mH < 113.85 GeV

- reinstall 8 old Cu cavities from LEP 1
Vs =207.7 GeV :mH < 114 GeV

- miniramps (tradeoff between energy/stability/fill time)
VS = ~209 GeV : mH ~ 115 GeV



Signal topologies / Backgrounds

Signal: L— v 7

this means both

hadronic and leptonic
Background: tau decays
¢ T : Two photon process 7 P O * W=tau nu
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And reducible backgrounds

e.g light jets mis-reconstructed as b-jets / taus
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Analyses

SM backgrounds at LEP were well modelled (generators) and simulated (detectors).
Often use Monte Carlo to model the backgrounds !

Calibrate the detectors at the Z peak

Measurements development: get started by studying SM rare processes WW/ZZ production
before attacking the Higgs

4 |ets channel:
the most sensitive at LEPZ2:

- at kinematic threshold Z and H are produced at rest: 4 jets in one plane
- main backgrounds ete-—//, ete-=>WW

- /—bb : 4b case high purity but pairing ambiguities
- main background ZZ

- typical mass resolution ~3 GeV
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{Ccnue-of- mass energy
I.\'N value

[206.7 GeV

10.996
T 0.99

b-tag probabilitics 0.14 0.01
HZ hypothesis
reconst. mass 114 = 3 GeV
SCfit: my 1124 GeV
ZZ hypothesis

my 102 GeV

my 91.7 GeV
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el (Ccntre-of-mass energy 206.7 GeV
e ©| (NN value 0.997

. 099 099
b-tag probabilitics 0.99

HZ hypothesis I

reconst. mass 114 = 3 GeV

5C fit: my 113.8 GeV
my 919 GeV

ZZ hypothesis

3 reconstructed secondary vtx mz 97 GeV

my 94 GeV
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Analyses

Missing Energy:
-H—-=bb and Z— vv
- Main background : ZZ (irreducible)

- typical mass resolution as in the 4jets (!) ~3 GeV

I+|- channel:
-H—=bb and Z— |+
- very small branching ratio (3% Z—1l)
- Main background : ZZ (irreducible)

T+T- channel:
- H—=bb and Z— 1+1 (heutrino in the final state)
- very small branching ratio (3% Z—1l)
- Main background : ZZ (irreducible) and Z— bb (mis-reconstructed as T)
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Statistical inference at LEP

Vs = 200-209 GeV Tight
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Use data to take decisions

| | NQ 7 L LEP  v5=200209 Gev Tight
Formulate an hypothesis (precisely), collect data, >
test the data against the hypothesis then QO 6 | [ Background
accept or reject. 2% L Bl Signal (115 GeV/c)
3 | -

The way the hypothesis are defined is “reversed”, SR e Eeee
. ) ) > i
l.e. you always check that a hypothesis is NOT (| [Backad] 1412

| Signal 29 22

consistent with data.

In statistics/physics one cannot meaningfully 1 _ JJ I
accept a hypothesis: one can ONLY reject them. i 1
0 : L o rh | __.r—--—"'_‘—"r ey . : :

0 20 40 60 80 100 120

myrec (GeV/c?)

Definitions:
Ho: null hypothesis defined to be the hypothesis under consideration.
H+: Alternative hypothesis

Typically Ho is the background only hypothesis while Hy adds the presence of some signal.

Simple hp: the expected PDF of the random variable (data) is completely fixed/specified
Composite hp: not all parameters are fixed, but they lie within a range
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Test statistics

To quantify the agreement between the observed data and a given hypothesis one
constructs a function of the measured data (x) and the given hypothesis Hp

test statistics := t(x|Hp)

Typical test statistics:

- number of events

- a function of the observables (invariant mass from a 4 vector)
- a likelihood

- a ratio of likelihoods

The choice of the test statistic t(x|Hp) depends on the particular case,
there is no general rule !

Different test statistics will give different “results”: PHYSICS judgement is important |
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Test statistics

Once you defined your test statistics you want to know how it is distributed in the Ho (bkg
only) and H+ (sig+bkg) hypotheses

P(tiHp)

Naively to produce the distribution of the test statistics you would use a pure sample of
background to get P(t|Ho) and a sample of signal+background to get P(t|H1).

In general we don't have a labelled sample of signal and background samples from data.
Sometimes we can use data in “signal-free” control regions to build the pdf for the
background, but often (and by definition in case of searches) we don’t have a clean
sample of “background-free” signal to build its pdf.

Use Monte Carlo and in particular “toy samples”

Toy means you don't run the full generator+detector simulation. You generate pseudo-data
sampling some high level distributions (e.g. the reconstructed mass of the higgs
candidate)
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Hypothesis testing

Finally use the expected distributions of the test statistics to decide if a candidate is signal or
background.

P(t|sig+bkg P(tlbkg)

observed
04

0.2

Illllll]llllllllllll

%3 15 6 17 18 19 20 21 22 23

The name of the game will be to use the test statistics to
quantitatively say it your data contains signal
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Error types

Different ways of mistakenly interpret the data:
Type |: reject a true hypothesis (false negative)
Type |l: accept a false hypothesis (false positive)

eg: “Law court” The accused proclaims himself as innocent (Ho).
Type |: he's really innocent and the jury rejects the hypothesis and convict him
Type lI: he's really guilty (and a lier) and the court accept the hypothesis and let him off.

Hp is true Hq is true
Truly not guilty Truly guilty

Accept Null Hypothesis Wrong decision
Se .yp ' Right decision 9 =
Acquittal Type |l Error

Reject Null Hypothesis Wrong decision

it Right decision
Conviction Type | Error

twiki

eg: “Bump hunting” You analyze a mass spectrum. The hypothesis is bkg only (Ho).
Type | : there's really no resonance, you reject the Hp and you publish rubbish
Type Il: there is a real resonance, you accept Hoand you miss the Nobel

ETH VMauro Donega: Higgs physics 17



Test statistics properties

1) Significance (or Size)

Type | errors can be controlled pretty well:

Suppose you have a test statistics x (the data itself) and the null
hypothesis Ho: P(z|Hy)

Partition the range of  in 2 regions. Define: acceptance / rejection

P(x[Ho)

reject accept X

The probability for a type | error is the integral of P(x|Hg) over the
rejection reaion. This is called significance of the test

cut Typical values of a are 5%, 1%.
Y :/ P(g;|HO)dx A test has a significant level of 1-a ifthe
50 Integrated probabillity to reject a true hypothesis is less

of equal to a
ETH VMauro Donega: Higgs physics 18



Test statistics properties

2) Power
Suppose you have an alternative simple hypothesis Hy and P(x|H+)
IS kKnown.

P(x|Hy)|

8 = /:O P(z|H,)dx

1 — 3 is called the power of the test

A good test is the one with both a and 3 small,
.e. high significance and high power
(i.e. Ho and Hy very different; large separation)

ETH VMauro Donega: Higgs physics 19



Likelihood ratio

Remember: the “best” test is the one that makes both a and (3 as
small as possible. If both Ho and H1 are simple we can use the:

Neyman-Pearson lemma:
the acceptance region giving the highest power (i.e. the highest
ourity) for a given significance level a (or efficiency 1-Q) is the region
of the space such that

g(tlHo) _

g(t|H1) =

c is determined by the desired efficiency.

g9(t|Ho)

The one dimensional statistics 7= o (t|H1) IS called “likelihood ratio”

ETH Mauro Donega: Higgs physics 20



LEP test statistics

5 _ LEP  v5=200-209 Gev Tight

¢ Data

6 l_ Background

- [ Signal (115 GeV/c?)
5 -

i all > 109 GeV/c®
4 - Data 18 4

Take as an example variable the oo
reconstructed mass of the Higgs candidate. 3 Hsignal | 29 22
The variable is binned (histograms).

Events / 3 GeV/c>

For each bin we know the expected number L I 11 IJJ q‘
of events from Signal and Background. T T e
s my,rec (GeV/c?)
The probability to observe a number of n
events n with v expected is given by: P(n,v) = e —Y  (Poisson)
L . . . Ls—l—b
The test statistics at LEP was chosen to be the likelihood ratio: Q) = IS
b
/ n here: \
s+b" ., S(x;) + bB(x w | .
Lstp = ( ] (s10) . H jS y C2) s = # expected sig events, function of m
j=1 b = # expected bkg events
N = # observed events
= —'e_b - H B(x;) xj; = value of the discriminating var j
j= - S(X;) = signal pdf for the vars x, function of my
binned
\_ B(xj) = bkg pdf for the vars x )
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LEP test statistics

Generalization to N measurements (k runs over the measurements)
N

e =TI exp|—(nsk(mu) + br)] (Nsk(mu) + bi)™ y l’i NSk(mu)Sk(Zk; mu) + b Bi(Z 1)

k=1 ny! nsk(mu) + by

where: n =1 gives Lsib
n =0 gives Ly
K runs over the N channels (different decay, different data periods, etc...)
Sk = # expected sig events
bk = # expected bkg events
Nk = # observed events in channel k
Xjk = value of the discriminating var j in channel k
S(Xik) = signal pdf for the vars x in channel k
B(xjk) = bkg pdf for the vars x in channel k

g=—2In Q(mH) — 2}:2_:1 |:Sk(mH) — ilﬂ (1 + Sk(m;ig’:((g:)’ mH)):|

Each event contributes with a weight to the test statistics

To avoid numerical precision issues in treating very small numbers (we're multiplying several small
probabilities, i.e. numbers O<=p<=1) we usually work with the logarithm of Q

ETH VMauro Donega: Higgs physics
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Systematic uncertainties

Systematics uncertainties are included through nuisance parameters.

e.g. the background is known with an uncertainty, so: by — by - f(0k, o)

best value of bk

uncertainty on 9«

The function frepresents a constraint on the parameter bk

Each term of the likelihood affected by a systematic uncertainty gets multiplied by
a constraint term (the functional form of the constraint depends on the variable and
it can be a gaussian, log-norm, etc...)

ETH VMauro Donega: Higgs physics
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LEP results

—2InQ(my) = 2]:2—: [sk(mH) _ iln (1 N Sk (mu) Sk (Zjx; mH))]

bi Br(Z k)
L [MLEP |
5 3: m, =115 GeV/c
Because the separation between > 107 o d
: m ¥ ata
signal and background depends % signal
logarithmically on S/B, the right tail of 10 %}
. iy .... background
the log(1+s/b) distribution shows the &
important region for signal search 10 L ’*g‘
) gl O |
10 ¢
I L A P SR e S ;
2 3
10 | 3
.3—
10 poa o bl o el o 1w o b oeow a1 ol b s S g Ly )
0 025 05 075 1 125 15 175 2 225
In(1+s/b)
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-2 InQ for different hypotheses

—2InQ(my) = 2 IXV:
k=

1

n Sk (M) Sk (Zjk; mu)
[Sk(mH) - ; In (1 + kak(fjk)

Notes:

- g depends on the test mass

- g on data is computed with the nuisance at
their best fit value
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LEP results
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ADLO results

25 25
o S |
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p-values

-

_

p-value = probability, under the assumption of H, to observe data with
equal or lesser compatibility with H relative to the data we got

~

_J

pdf (q|b)

O

In the HEP folklore we claim (on the background-only hypothesis):
- observation if the p-value < 1.4 103 (30)
- discovery if the p-value < 2.9 107 (50)

ETH VMauro Donega: Higgs physics
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more p'val Uues bkg median

] v
1 _—
: f(Q[b)
| f(Q|s+b)
0.8
0.6
- bkg over-fluctuation bkg underifluctuation
0.4
0.2
! !
0 | .| I L1l I
-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
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more p-values

i | Qobs
1 Sig median
I f(Q[b)
| f(Qls+b) l
0.8
0.6-—

Sig over-fluctuation d under-fluctuation

0.4

0.2

lllllIllllI

10 9 -8 -7 6 -5 -4 -3 -2 -1 0
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more p-values

The p-value is a general way to quantity a deviation.
We usually define :

Pr deviation defined on the background hypothesis
Ps+b deviation defined on the signal + background hypothesis

Qobs

0.8
0.6

0.4

% 9 8 —7 -6 -5 -4 3 2 -1 0

q

If ps+b <@ (computed on f(Q|s+b)) we reject the s+b hp at 1-a CL —> 5 sigmas
If pp <a (computed on f(Q|b)) werejectthe b hpat 1-a CL —> 2 sigmas
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LEP results

50%
background only

10 g9 85 90 95 100 105 110 115 120
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LEP results
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The issue about sensitivity

Well separated NOT well separated f(Q|s+b) ~ f(Q|b)
Qobs P

1

I

f(Qb)
f(Q[s+b)

0.8

0.6

T l I I 1 l T

0.4

l

I

)s+b
0.2

I T I T

-0 9 -8 -7 6 -5 -4 -3 -2 -1 0 0 9 -8 -7 6 -5 -4 -3 -2 -1 0

The small separation power means low sensitivity to the signal:
Suppose you look at LEP for a Higgs at 125 GeV (signal not kinematically accessible): whatever test
statistics you use to discriminate s+b from b will look practically identical for both cases.

If the number of events fluctuates below the expected bkg,both s+b and b are disfavoured. But, given the
low ps.b (€.9. 5%) one can exclude the s+b at 95% CL, which is wrong because you don't have sensitivity !

We don’t want to exclude a signal that we are not sensitive to !

We have to include some information about pp
ETH VMauro Donega: Higgs physics 35



The issue about sensitivity

Here we use the same data and build test hypothesis changing the test mass mu.

2005 (b) LEP ozl @ LEP , > [ © LEP ,
'@ 1 m,, = 110 GeVic® E T b = Observed my, = 115 GeV/e’ 'E [ my, = 120 GeV/ie’
g > [ -+ Expected for background o 025 -
i [ -~ Expected for si [
S 004 © o1 s lnckgonr)::iul =
s ! > ! -
h— : : = 02r
= | o= 0.08 - =
Eom _ E _ .g
] Jot
002 E i -
0.04 + 0.1 -
001 -
0.02 1 0.05
0 e e I T 0 e - [
60 40 220 0 20 40 60 -15 -10 -5 0 5 10 15 0 y; 4 2
2 In(Q) -2In(Q) 21n(Q)

The higher the mass the lower the power of the test the lower the sensitivity
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CLs method [c-cruen

Vocabulary A. Read: “confidence level = p-value”

The CLs is NOT a p-value (it’s a ratio of p-values) NEVERTHELESS we will say that

a signal will be considered excluded at the confidence level CL if 1-CLs < CL
Consequences:

1) the false exclusion rate is less than the nominal 1-CL

CL _ C1Ls—|—b _ Ps+b
i CLb 1 — Db

In case of clear background exclusion

pb — O theﬂ CI_S — ps+b
In case of no separation Pb

Ps+b

Ps+b = 1-Pb Cls = | \,

l.e. the difference between CL and CLs will increase the lower the sig/bkg separation
2) the use of CLs increases the “coverage” of the analysis

(i.e. at a given CL you exclude a smaller region of the space of parameters)
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Final LEP exclusion

N l = I I I 1 | o l [ | l L | I I | ] |
-
St LEP
10 = =
5%
20
10 |
3 ——— Observed
10 = -
s Expected for
- background
af
10 ¢
.5;
10 = E
-6?
10 | I | | I T T A l | I | |
100 102 104 106 108 110 112 114 116 118 120

m,(GeV/c?)
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