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Build signal & background
models Build likelihood with a physics parameter of interest, e.g. the

signal normalization relative to some reference cross section ,
/ and incorporate the systematic uncertainties as nuisance

parameters
Evaluate systematic
uncertainties
Maximise the likelihood Use to define a test
(minimize negative log of statistic for hypothesis
the likelihood) testing

= estimate parameters
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 Likelihood defined as

r"?i Oc"\

Parameters of the likelihood Probability to observe the data for a given
value of the likelihood parameters

 Note:

* The likelihood is not a probability (various normalisation terms
are ignored)

* Likelihood parameters ﬁ..
Parameters of Interest (POIs) Nuisance parameters
= parameters we want to measure (or NP)
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> HAEE S5 2N :
Rexp = .“"'sig“f'sigf‘lsigl'Int + O'bkg“"bkgf‘lbkgLInt
o uNESBIE, cNEIMH, eNEERE, ANRNBRERVE, LIRE

> B AMA D A LAY S HIZANFNHAEE S 602N, 132 AR 2K

n Poisson

P(n;S,B)=e s+ 95+ B)
b ) n!
nl, e "exp n,i=1..N, Poisson product
Poisson probability p(V| Nexp) = TP (S £ + B )
! — —(Sfi*+Bf) i
N! P(n SB)EIe o
m,i=1.n_ Extended Unbinned Likelihood
e—(S+B) Mevis
P(m;;S,B)= [Is P,,(m)+B Py, (m,)

n.! s
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(Negative Log of the leellhood, NLL) :
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W uiE, 181kl

o NLLABHZREXR/NAAREE, ] BUKENLLEEANRE
E e/ VEFKENFTIBRYANLL, G0itbN|a) EREE TS 5k
ANLL RO uE

~AlnZ = —In L, 0(w) — (~In L (4, 6)))
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> IS ER(FX]|8):
o IRIEWL1ksEIE, , —2ANLL B HEDSHAS

KB BB TH 97, KR—2ANLLS F9EF r
MEMSRIRBEE (AFIFk=1) |
o IRIBEY*SPTS p 1 (p-value) KIXEK, U A
SEE K=1 B, MREERBEEKTEN 68%
(p-value=0.32) B, MAASSRZA, MBRI4L \ 2
71 \
— UERET IR - 2ANLL< 13RS 76 8% E M BIE X 4] B e e e e B

- [EIESH-2ANLL<3. 8487, BIA[{ZEIXINE 95% HIE(S
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> TURZE0:

e TRZHUERAEFITREFLINAZ RN EERANBIDE, ERNAFTENERA
TERNLENS N, XEZHBEESMRCBNEZRIRAERERR, BEX
R BL RIS AR = 200

> AR =E 961 :
o ZENREND.25%, WEESXIBHIETEL. 025F0IEAEL/1. 025589
rint _, zintq 4 0.025)°
o 0] DU ZZEA— 1 S A LR & BIFZ TV I BIBL 72K BRI X

OCZ(/J, 0) — 6_702 where

nexp = ﬂ"sigesigAsigLintl-0250 -+ O'bkgebkgAbkgLintl.OZSH




Framework built on top of
ROOT for statistical analysis

Objected-oriented approach

* Specific PDFs deriving from
abstract base classes, e.g.
RooGaussian from RooAbsPdf

Construct mathematical models
by connecting objects together

Provides interfaces for fitting
and visualisation

list of space pomts

Mathematical concept

variable X

function f (X)
PDF f (x)

space pomt 5(,:

integral jf(x)dx

RooFit class
RooRealVar

RooAbsReal

RooAbsPdf

RooArgSet
RooReallIntegral

RooAbsData

W. Verkerke

sum
RooGaussian RooRealVar RooGaussian
gaussl glfrac gauss2

RooRealVar RooRealVar
meanl sigma

RooRealVar
X

RooRealVar RooArgusBG
g2frac argus

RooRealVar RooRealVar RooRealVar

mean2

argpar cutoff

1

B—
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FFHRooFitBIZ B ENT =, pdflANRMIAREN

| FARooFitX A 7A R 2K 52 /] VB
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C (ESREE: WRESHER (bonly) WEEIHREE © o
& 0.035;
o TIIATEI BB s/\/bEE/ 2nin(1 + 57b) — 2s{ti & 6 o
o —RRTANGEsigma, fEsigmaRREIHE, SERTEM & 000"1)2:
> (ESEEEBING: oo}
o FRy 1%H,: g5 (b-only) 8676 80 80 10011012013014015203360
o FiifixH, ,: EEIEES FRSESSHIH100
o ¥BITN Clhxgiit=) : BAFREEq, :
105 5 0.50 31%
Qo = —2 log L(S — 0) 110 10 1o 16%
L(s) 120 20 20 2.3%
130 30 3¢ 0.1%
nFRERIR (E5H0) , 7EBARGEERR 150 o - 2107
e NJBUITEplE, BIIlp=]1 - D) AITEEZEEZ B8 26139100
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> TypelFlType2i5iX

e Type 1 tHix (afEix) @ STERXANENEL 7 FRIR, EMEERMEE 74518, WA Type
1 5%,

e Type 2 tix (BEIX) @ FFRIXNBRIREERETRIR, LHERERINELIRMFERRN

yome

o FATETYypeliEizlp-valueshy (405sigmafly, p-valueZgf3x10A-7) , ERIDType 2 Hix

. 0.4F
Da.ta dlsfavors.H0 Data .favors H sk §=0 BSM
(Discovery claim) (Nothing found) 03E-
H, is false Type-ll error 025
0 i I ) 0.2F
(New physics!) Discovery: (Missed discovery) 0 15E- Twpe-l error
o Type-l
H is true Type-l error No new physics, 0.05f-
(Nothing new) (False discovery) none found e e

t

p-value, significance
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> EXNARRUNIERITIHN, BEAEESE

EEA/), HENERIUAE LIRS T S—
NE, ST TR ol "
o LI b —RETRAIO5%H B= KT o] % CL-

Excluded at 95% CL‘;

o ELFFBIETIER, FEZIHURAITE

- ZEE LRAEMOEEXIE [0, p,,], XEISGRENUALL
AITEEN, =FRFRNNNAIT=

95% CL limit on o(bbd)-B(o—>Tt)(pb)

A ~21n L(0,6,) A<0 10_3 _ [O: “Up]
L(/’t’ 9”) 9, = L(u.,0,) . = : : : L | ' '
Gu=—2l—"— —2lno o 0shsu 100 200 300 1000 2000
(4, 0) L P m, (GeV)
2-sided confidence intervals Modified for upper limits

- SpNTFORY, ARIKENO, kR LINE
- ARTplT, MRFITEREE, WHiReI LA R0 X 8]
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> BN ST =D, AT Ep-value

p,=P(q,> g |p) = J N f(q,11,6,) dq,
¥ A

> ESEEVIIER, BE{EACLs criterionix
BENENEEKFE (FH95% CLs)

o CL AR BBENIER Fip-value

+00 R qll
CLy,y = P(q, > ¢ |sig + bkg) = j fg, 1.6
CL _ CLS"‘b ql?bs
S
CLb +00 .
CL, = P(g, > ¢°* | bkg only) = [ £(9,10.0))

qgP
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> HR:
o IATESp B/ NTFENTHENEx(95% CLsH, a=0.05)RNME58Euilax/]VE (,uup)
> AE

o WE M uE, RiEs+bb-onlyRiZT4E—E=toyFA

o TEMIRGITEg,, Bis+bfb-onlyRiR FHg, D

o 1RIEH TG BT EPERICL,, ,AICL,
o TECLsME, HCLSEZT0.05MAINERI95% CLs T LIR
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o TTTTT] I T TTTTT [T TTTTy 7T IIII]III I Illlllll

expected for sig+bkg 1
expected for bkg-only
observed value

B cL_,, =0.0011 10°"
W\ CL, =0.2345

expected for sig+bkg
expected for bkg-only
observed value

mo.-omr | e BN IEu (r)fE, FIBAE

N\ CL, =0.2335

H T"r' 12F1r=10218], CLs

—
<

Y
o
N

l*IIIILIll I IIII'III|

MEZET0.05, N
t -3
gt i Observed LfRFIE125110 2
20qr(r =20, mfi 120 GeV) ° A q(r 5018, m_ =120 égw
JCATRA £(q,10.,0y) g, 1.8 £(,10,8) \ B

o YNREERKBExpected[R,
sepeciodor sovbig k== %4-;qﬁb‘*§¢ﬁeijLbEl’J7Fﬂ

expected for bkg-only

observed value | Z\ 1 :‘Z *& 1

expected for sig+bkg 1
expected for bkg-only
observed value

T TTF]
@)
G
75

| T T T TTT]
o
o
7]

B CL_, =0.0095 10-1
N\ CL, =0.2366
CL, =0.0402

B cL_, =0.0166

107§

W\ CL, =0.2434
- BHNDARE

[0.025,0.16,0.5,0.84,0.975
]

SN - Xy HCMEMedianfl+-1/2sigma

q(r 10m 120GeV)

N\
SR00 G0 1 BRSNS e SR . 4 : AN N ! 1 I Ll I L1l 1 I Ll

12 14 16
qr(r =12, m, = 120 GeV)

fgu| 1.6, f(,10.6) fq,11.0) £(9,10,6p)
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> RETTFERN, WRFNABToyHEN LR, BAEFEETEAREToyER, Ao3liTEPE, BREFEAE
i ] FIi T & &SR

> Hitb, TBARIRM#EITHE (Asymptotic approximation) k715 & REMAT(E]
e Hir: [RIFRITHEIpIE

CLyp=p,=1-® (\/q_ﬂ) NN Cly=1-0 (\/q_,u —\/CIM,A) nA2

L(Asimov|u, 0(1))
~ /,\=
L(Asimov|j, 0) AT4

Gus = [@7(CLY +( — @7 '(CL,)]’ AR Qup = —2In
o 51022 M [Cowan, Cranmer, Gross, Vitells 2013]
o NINHAXFTKAsImov dataset.AsimovaiESEE—M AT IHESIT A A ERERIEIE X EIRES
o U>kAEEXpected Medianky, CLb=0.5, C(Ls=0.05,NCLs+b=0.5%0.05=0.025, g, ,=3.84

o HITHBE AN2IFEANEuE, ZHiXEI3. 34rIEERENE] T LR

/]|I||

o 53 FObserved LR, MFBEIG 4P Asimov datasetBEMNEIEITHEg,, AFAARNLTECLs+bHAR2HTE
CLb
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» Combine T E2HE T RooStat/RooFitFH &H— 14t TH
> Combine AT ZARMGITHERM ¥ — 1T <1751 H, XEERKRTE CMS ] Z{EH
o T#HITZHHITHIIRE B X|8]
e TDIITHESE,
o o]DUITHE LR
o RETEZZHNFAITIETLR (FitDiagostic,Impact,GOF,Bias3s)

> Githubititlk: Link

Mt

> Y14: Combine Tool



https://github.com/cms-analysis/HiggsAnalysis-CombinedLimit
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/
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> DatacardiZ &
e N T{FEMHcombine, F—F 24 HSHDatacard

Number of bins/channels Number of processes Number of nuisance parameters (*:determined automatically)

> F=4-workspace

* 3y Y mEcombinelzfTRIATIE], —AZFtexti®
- tiYdatacardiEiafRooFitigworkspace

e textZ2workspace.py datacard.txt -m
Mass -0 workspace.root

Name DE fect on process
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> ¥ combinedREX i R HEEX|8):
o SXENZWINE1E (bestfit) : 3

— combine -M MultiDimFit
datacard_partl with_norm.root -m 125
——freezeParameters MH ——saveWorkspace _
-n .bestfit 51

o FIBEXE):

— combine -M MultiDimFit
datacard_partl with_norm.root -m 125 :
——freezeParameters MH —-n .scan ——algo 1f
grid ——points 20 ——setParameterRanges ]
r=1o,h1 1 -

- 0.213
- CMS r=1.548" .5

" Internal

-2AInL
~

6 - — Observed

o
T TT

— plotlDScan.py
higgsCombine.scan.MultiDimFit.mH125.r
oot —0 part2_scan
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> F|FHcombine#A1T#l 5§12 (FitDiagnostics)

e combine -M FitDiagnhostics workspace.root -m 200 --rMin -1 --
rMax 2 --saveShapes --saveWithUncertainties

* ZHESIHI1TD- only*l]s+bTL,{ . 5%lpre/post AtSEE

Combine will produce pre- and post-fit distributions (for fit_s and fit_b) in the fitdiagnostics.root output file:

00 '\ ROOT Object Browser

Browser | Eile Edit View Options Too Help
Files | Canvas_1 () | Editor 1 (x|
e N Ztautau in signal_region
ZIPROGF Sessions Ztautau
= | —
8 %E’.‘i;m.mm 1800 Entries 31
iy ——— = F Mean 4.88
B fsewerny £160— + StdDev  2.19
w140 +
- Cashapes it b1 N
- [Jnorm_sit_b;1 -
Hypr 120 +
- shapes_fit_s;1 :
i |-E3ov_ert j
- B Qsignal_region! 100+
- Dt
1 Hl— ’- -
’ :
T . 80
5 |Aa diboson;1 —l—
L Attt i =
| total;1 i 60— —l—
| {a total_signai;1 1 L
' |4 total_background;1 e +
| 1§ total_covar1 40—
L Ottoar_er; -
Dmn_b'_s;l‘ : +
Bl A T
% |tree_prefit;1 -
Dm 1 1 1 1 I 1 1 1 1 I 1 1 1 | I 1 1 1 1 I 1 1 | 1 I 1 1 1 1 I
0 5 10 15 20 25 aes 30
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> Xl|Fcombine3 EY LR (Toy/iE)

e Observed:
— combine -M HybridNew datacard.txt ——LHCmode LHC-1limits —--saveHybridResult

—— Hybrid New ——
Limit: r < 10.9705 +/- 0.386687 @ 95% CL
Done in 0.47 min (cpu), 0.47 min (real)

e Expected:

— combine -M HybridNew datacard.txt ——LHCmode LHC-1limits —--saveHybridResult
——expectedFromGrid 0.5

—— Hybrid New ——
Limit: r < 14.2678 +/—- 0.217055 @ 95% CL
Done in 0.62 min (cpu), 0.62 min (real)

e Plotting:

- python $CMSSW_BASE/src/HiggsAnalysis/CombinedLimit/test/plotTestStatCLs.py
——1nput higgsCombine.HybridNew.mH120.root —po1i r ——val all ——mass 120

— python printTestStatPlots.py cls_gmu _distributions.root
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> Fl|Flcombine3XEY_EFE (AsymptoticLimits /53%)

e combine -M AsymptoticLimits workspace.root
-— AsymptoticLimits ( CLs )

Observed Limit: r < 10.8183
Expected 2.5%: 7.0537

Expected 16.0%: 9.8108

Expected 50.0%: 14.5625
Expected 84.0%: 22.3988
Expected 97.5%: 33.5971

CMS DAS C.Wang(IHEP CAS) 19/01/2025 23
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