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Examples from real
measurements




A rare process limit using event counting
and combination of multiple channels

Search for B — tv at BaBar




Upper limits to B — tv at BaBar

* Reconstruct one B* with a complete hadronic
decay (efe™— Y (4S)—B*B")

* Look for a tau decay on other side with
missing energy (neutrinos)
— Five decay channels used: uvv, e vv, v, wnlv,

o A A AR Y

 Likelihood function: product of Poissonian

likelihoods for the five channels

* Background is known with finite uncertainties
from side-band applying scaling factors
(taken from simulation)

BABAR Collaboration, Phys.Rev.Lett.95:041804,2005, Search for the Rare Leptonic Decay B- — v v,
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Combined likelihood INFN

C
« Combine the five channels with likelihood (n_, = 5):
Nch 6_(Si+bi) s + bz ni' Nch e_bib?i_
Ds+) = [t pe) = [

 Define likelihood ratio estimator, as for combined LEP
Higgs search:

L(S 4 b) o Mch s, n;
Q — — 2.0 Si (1 + —)
L(b) 1;!

* In case the scan of —2InQ vs s shows a significant
minimum, a non-null measurement of s can be determined

* More discriminating variables may be incorporated in the
likelihood definition
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. . )
Upper limit evaluation [N
 Use toy Monte Carlo to generate a large
number of counting experiments

» Evaluate the C.L. for a signal hypothesis
defined as the fraction of C.L. for the s
+b and b hypotheses:

CL _ CLS+b _ NQS—}-bSQ
CLy N@,<q

* Modified frequentist approach
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Including (Gaussian) uncertainties

Nuisance parameters are the background yields 5. known with
some uncertainty from side-band extrapolation

Convolve likelihood with a Gaussian PDF (assuming negligible
the tails at negative yield values!)

Nch 1

H db’ o~ (b =bi)? /207 €

— Note: b, is the estimated background, not the “true” one!

... but C.L. evaluated anyway with a frequentist approach (Toy
Monte Carlo)!

Analytical integrability leads to huge CPU saving!
(L.L., A517 (2004) 360-363)

Zbi ?

0 =11 7€ ]
=177 \/ﬁ n;:
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Analytical expression INFN

« Simplified analytic O derivation:
L<S + b> — e > B si 1 pnz(s’b + b; — 07127 Ui)

“= I S S (=
C pole ) = 1.
(o B) = o,
* Where p,(a, p) are pales ) = o2 + .
polynomials defined with | ps.f) =2+ 325",
a recursive relation: pa(n, B) = o + 607" + 357,
ps(o, B) = o + 10 7 + 150%,
o

pn(av /8) — apn—l(aa 6) T (n T 1)ﬂ2pn—2(057 ﬁ)

... but in many cases it's hard to be so lucky!
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Branching ratio: [Ldr = 82 fb"!

| ow statistics scenario

1-C.L.
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B — tv was eventually measured

e ... andis now part of the PDF

2011 Review of Particle Physics.
Please use this CITATION: K. Nakamura et al. (Particle Data Group), Journal of Physics G37, 075021 (2010) and 2011 partial update for
the 2012 edition.

B* BRANCHING RATIOS

@ back to B*

r(r* vi) /Tiotal References History since 1996
rae/T
See the note on “Decay Constants of Charged Pseudoscalar Mesons” in the Ds* Listings.
VALUE (107%) CL% DOCUMENT ID TECN COMMENT
1.65+0.34 OUR AVERAGE
1.7+£0.8+0.2 1. 2 AUBERT 10EBABR ¢* e — Y(4S)
1.54+0.38-0.37+0.29-0.31 '+ 3 HARA 10 BELL ¢*e™ — Y(4S) |
1.8+0.9-0.8+0.45 4. 1 AUBERT 08D BABR ¢* ™~ Y(4S)
1.79+0.56-0.49+0.46-0.51 4. 1 IKADO 06 BELL ¢"e — ¥(4S)
*** We do not use the following data for averages, fits, limits, etc. * * *
0.9+0.6+0.1 1. 2 AUBERT 07AL BABR Repl. by AUBERT 2010E
<2.6 90 1 AUBERT 06KBABR ¢ ™ — Y(4S)
<4.2 90 1 AUBERT,B 05B BABR Repl. by AUBERT 2006K
<8.3 90 5 BARATE O1EALEP gt —» 2
<8.4 90 1 BROWDER 01 CLE2 ¢*e — Y(4S)
<5.7 90 6 ACCIARRI 97F L3 ete 2
<104 90 7 ALBRECHT 95D ARG ¢* ¢ — Y(4S)
<22 90 ARTUSO 95 CLE2 ¢*e — Y(4S)
<18 90 8 BUSKULIC 95 ALEP g'e —»2Z

T Assumes equal production of B* and B° atthe Y(4S).

2 Requires one reconstructed semileptonic B decay B~ — 0P r v; Xin the recoil.

3 Requires one reconstructed semileptonic B decay B~ — D° 1 v; Xin the recoil. I
4 The analysis is based on a sample of events with one fully reconstructed tag B in a hadronic decay mode B~ — D% x.

5 The energy-flow and b-tagging algorithms were used.

6 ACCIARRI 1997F uses missing-energy technique and f{b - B") = (38.2+2.5)%.

7 ALBRECHT 1995D uses full reconstruction of one B decay as tag.

8 BUSKULIC 1995 uses same missing-energy technique as in b — 1" v¢ X, but analysis is restricted to endpoint region of missing-energy
distribution.
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A Bayesian approach to Higgs
search with small background

Higgs search at LEP-| (L3)




Higgs search at LEP INFN

* Production via ete —HZ" —bb/*["

* Higgs candidate mass measured via
missing mass to lepton pair

* Most of the background rejected via
Kinematic cuts and isolation
requirements for the lepton pair

* Search mainly dominated by statistics

* A few background events survived
selection (first observed in L3 at LEP-I)
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[ ) [ ] ,
INFN
Extended likelihood approach N
« Assume both signal and background are present, with different

PDF for mass distribution: Gaussian peak for signal, flat for
background (from Monte Carlo samples):

L= e st H(sPs(mi) + bPy(m;))
1=1
- Bayesian approach can be used to extract the upper limit, with
uniform prior, n(s) = 1:

/ _SH (sPs(m;) + DPy(m;))ds
/ _SH (sPs(m;) + bPy(m;))ds

1 — CL =
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Application to Higgs search at L3 il
— ——
— All channels ]
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~~~~~~~~~~~~~~~ H°:Ye’+H°u’u' L E P - I
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Luca Lista IN2P3 School of Statistics 2012 15



Classical C.L. (%)

. . , )
Comparison with frequentist C.L. INFN

« Toy MC can be generated for different signal and background
scenarios

+ frequentist coverage (“classical” CL) can be computed counting
the fraction of toy experiments above/below the Bayesian limit

100 @ 100 MMM ;:.‘:;:.-;;‘.;
3 E
L @] L
80 = 80 F
L Q N
&
I Always
60 - 60 :
: conservative!
40 - 40
Sign = 1, Back. =1 Sign = 1, Back =3
- o Sign = 3, Back =1 Sign= 3, Back =3
20 i g Sign = 5, Back. =1 20 | Sign = 5,Back =3
e Sign =10, Back =1 1 Sign = 10, Back. =3
0 ’ PR S PR RN (U TR S (T VUM S S TS ST S S St 0 Lo o i — .I PR SR OO T S T
0 20 40 60 80 100 0 20 40 60 80 100
Bayesian C.L. (%) Bayesian C.L. (%)
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Higgs search at LEP-II

Combined search using CLs




INFN

Combined Higgs search at LEP-II N
 Extended likelihood definition:
B 15 e sk (mu)+be) (n gy (i g VA yow
ln_[ nSk(m ) Sk(Tje; M) + bp Br(251)
i _ n'q,'n(w
« =0 for b only, 1fors+ b hypotheses
 Likelihood ratio:
| se(ma) Sk(aGi m) \ |
_QIHQ(mH)_QkE | Zln( b B (1 )_
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Events / 3 GeV/c*

Mass scan plot - INFN
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104 106 108 110,412 114 116 118 120
2
my(GeV/c")

L3

10 -|||||||||||||||||||||'i’.|||||||||||||||||_

“77100 102 104 106 108 110 112 114 116 118 120

m(GeV/c?)

-5

IIIIIIIIIIIIIIIIIIIIIIl'l‘.llllllllllllllll:
-10100 102 104 106 108 110 112 114 116 118 120

m(GeV/c?)

-5

1 _||||||||||||||||||||||r']|||||||||||||||-

) 0100 102 104 106 108 110 112 114 116 118 120

m(GeV/c?)

N
(=]

-2 In(Q)

LEP four-jet- )

TTT TTTTTTTTT TTTT TTTTTTTTT TTTTTTTTT
I I I I I I

IIIIlIllIIIlI lIIIlIlIIIIIIlIIl

102 104 106 108 110 112 114 116 118 120

mH(GeV/cz)

Illllllllllllllllllllllllllllll_

EP all except four-jet—f

lllllllllllllllll

30 L

7100 102 104 106 108 110 112 114 116 118 120

mH(GeV/cz)

Luca Lista

IN2P3 School of Statistics 2012

21



Background hypothesis C.L. INFN
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Background C.L. by experiment
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Signal hypothesis C.L. INFN
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Higgs search at LHC

Combined search using CLs

Luca Lista

IN2P3 School of Statistics 2012
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Higgs search at LHC method INFN

Agreed method between ATLAS and CLS
Test statistics: L(data: #QA )
a; uo,

q, = —2In
g L(data; 1,0,,)

« Has good asymptotic behavior
* Nuisance parameters are profiled
* Uncertainties are modeled with log-normal PDFs

« CLs protects against unphysical limits in cases of
large downward background fluctuations

* Observed and median expected values of CLs limits
presented as 68% and belts
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’ ' INFN
Higgs boson production at LHC M

* Decays are favored into heavy particles
(top, Z, W, b, ...)

[ =y 10 l | T
Most ab_undgnt 8 F Us=7Tev M
production via & ]
‘@ . . X 1§ WW — Fvqq

gluon fusion” and :
“vector-boson fusion” 1075 WW > MY N
. 7Z — I'qq
10-2 "\ ZZ — ['Tvw
:Jsion' t ; H ww Zqusion' i ZZ =TT
gggw | | W,z 10_3 “\VBF Mt |l=e,u E
R . H—>I\b V = VeV Vs ]
7t ZH—ITbb| \ ™. q_udscb
K F . we 19900 200 300 400 500
ttfu;ion. ’ >M\%y§ MH [GeV]
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H>vy

» Large background, good resolution
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95% CL limit on o/og,

)

"X/Qy/ X INFN
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LLow mass sensitive channels
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Combining limits to 6/cSM

Phys. Lett. B 710 (2012) 26-48, arXiv:1202.1488
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Exclusion plot at 95% CL INFN
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CL, vs Bayesian and asymptotic =~ N
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" 0
What 1f we use 99%"7? INFN
(S
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Excluded range: 127.5-600 GeV at 95% CL, 129-525 GeV at 99% CL
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Comparing different channels INFN

Best fit to o/og),, separately in various canals

A modest excess is present consistently in all low-
mass sensitive channels
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Local p-value

“Hint” or fluctuation?

Probability of a bkg fluctuation = than the observed one
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Local p-value

“Hint” or fluctuation?

Probability of a bkg fluctuation = than the observed one
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Events/ 1 GeV
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ATLAS: vy, 41 INFN

arXiv:1202.1414 arXiv:1202.1415

- LA L L B B N NN L B B B NN B B B B L B B B B B B B B 7 > T T T T T I I I I I I I I I
= nclusive diphoton sample = @ 1 O — ¢ DATA imi N

Incl A dpgatta san pl 1 > | EEBackground ATLAS Preliminary |
m Background model - Q - ] S'gnal (mH=1 25 GeV) .
NG e SMHiggsboson m = 120GeV(MC) 3 &3 [ Signal (m =150 GeV) .
: 15 8_— [ Signal (m =190 GeV) 7
- \s=7TeV, j Ldt=49f" o T L . ]
3 " E i H—->ZZ '—4l -
: 1 6 [Lat=4.8fb" ? 7
3 E ! \s=7TeV ]
- 3 i —
= ] 4~ I
= ATLAS Preliminary = B i

oL

II|I|IIII +64|IIII

100 150 200 250
m, [GeV]

Luca Lista IN2P3 School of Statistics 2012 41



ATLAS: combined limit ok

arXiv:1202.1408
ATLAS-CONF-2012-019
s 101 T 1 T T L U R = I L LA LSRN LI L B AL I
&’ [ ATLAS Preliminary 2011 Data § = 4L ATLAS Preliminary 2011 Data 1
) B e 1 o = 3
s ____CE))?S_' JLdt=4.6-4.9 fio” 1 3 ot B T W_ﬁ
= -i10 I 2 7 Z s o | SRS U PRPRUUE SN E
_E - 26 \s=7TeV - 102 A
- B a 3
c\g 15 . 10° g E
0 B ] = 7
o - i 104 E
- 1 10°F { —Obs. ILdt=4.6-4.9 b’ 3
oF : --Exp | ]
107 = 107 i \s=7TeV E
- CLs Limits . B T P S T A I
700 200 300 400 500 800 |~ 100 200 300 400 500 _ 600
mH [GGV] mH [GeV]
* Local sifnificance: 2.80 (yy), 2.10 (ZZ*—4l), 1.46 (WW*—lvlv)
 Global significance (LEE) 2.20 (110-600 GeV)
* Excluded ranges: (95% CL):110-115.5 GeV, 118.5-122.5 GeV, 129-539GeV
(expected: 120-550 GeV)
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[ atest from Tevatron

Tevatron Run Il Preliminary, L <10.0 fb
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arXiv:1203.3774

« Excluded ranges: 100-107 GeV, 147-179, expected: 100-119 GeV, 141-184 GeV

 Local significance (120 GeV): 2.70, global significance (LEE); 2.20
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[Latest SM
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Perspectives for 2012

« LHC energy increased from 7 a 8 TeV. ATLAS and CMS are
taking data now (+10% in cross section)

* |n 2012 LHC should deliver about 4 times the 2011 integrated
luminosity (~20fb™")
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* Higgs boson discovery or exclusion is very likely by 2012
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I lusi mF/N)
n concliusion C
 Many recipes and approaches available

« Bayesian and Frequentist approaches lead to similar
results in the easiest cases, but may diverge in
frontier cases

* Be ready to master both approaches!

* ... and remember that Bayesian and Frequentist
limits have very different meanings

 If you want your paper to be approved soon:
— Be consistent with your assumptions
— Understand the meaning of what you are computing

— Try to adopt a popular and consolidated approach (even
better, software tools, like RooStats), wherever possible

— Debate your preferred statistical technique in a statistics
forum, not a physics result publication!
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