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What is Combine?

Combine is the software package used for statistical analyses by the CMS collaboration

Built around the ROOT, RooFit, and RooStats packages (+ additional libraries for optimised algebraic calculations)

Originally designed for searches for ... it has been extended and used in numerous

publications for the CMS Collaborations

the Higgs boson and their

combination...
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Combine is public!

While Combine is developed for CMS analysis, and with CMS users in mind, the code is public and can
be compiled in standalone mode

Website

Home  What Combine Does  Setting up the analysis  Running combine  Tutorials Links & FAQ
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Installation instructions

Within CMSSW (recommended

These pages document the RooStats / RooFit - based software tool for CMS users)

used for statistical analysis within the CMS experiment - ComBINE. Combine v2~recammended Th CMS t t - t : 1 1 . d b . t . t l‘
\ Note that while this tool was originally developed in the Higgs \(/:erSIZ_n 8 CMSSW 10 2 X e S a ].S lca ana YSIS a.n COII I. lna lon OO .
\ , Physics Analysis Group (PAG), its usage is now widespread within re?gs:]:griés S
/
/

COMBINE

CMSSW_8_1_X

Cowmeine provides a command-line interface to many different Oustide of CMSSW

statistical techniques, available inside RooFit/RooStats, that are (recommended for non-CMS
used widely inside CMS. users)

Standalone compilation

The package exists on GitHub under https://github.com/cms-

. . . . _— Compilation on Ixplus9 . .
analysis/HiggsAnalysis-CombinedLimit Standalone compilation The CMS Collaboratlon

with LCG

Combine //\

For more information about Git, GitHub and its usage in CMS, see o
) ) Standalone compilation
http://cms-sw.github.io/cmssw/faq.html with conda

Standalone compilation

The code can be checked out from GitHub and compiled on top of with CemVM

a CMSSW release that includes a recent RooFit/RooStats, or via
What has changed between tags?

standalone compilation without CMSSW dependencies. See the

For developers

instructions for installation of ComsINE below.
CombineHarvester/CombineTo...

Citation

CMS will release full statistical models of analyses, the one for the Higgs Boson discovery is already
available here
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How Combine works? — The datacard

Datacard: configuration file in a plain text format that represents the primary input for Combine

Example of a simple datacard for a counting experiment

imax 1
> Jmax 2
kmax 3
# A single channel - chl - in which 0 events are observed in data
bin chl
observation 0
e
bin chl chl chl
process PpPX WW = =
0 process 0 1 2
rate 1.47 0.64 0.22
) # mm——————
lumi 1nN 1.11 1.11 1.11
XS 1nN 1.20 - =
nWW gmN 4 - 0.16 -

IE'HZL'I'I”I'Ch Alessandro Tarabini 5 I



How Combine works? — The datacard

Datacard: configuration file in a plain text format that represents the primary input for Combine

Example of a simple datacard for a counting experiment

imax 1 Number of bins/channel
> jmax 2 Number of processes
kmax 3 Number of nuisance parameters
# A single channel - chl - in which 0 events are observed in data
bin chl Unique channel label
observation 0 Number of observed events in a channel
-
bin chl chl chl
process PpPX WW B Process label
1 process 0 1 2 Process ID (<=0 for signal)
rate 1.47 0.64 0.22 Expected number of events
) f m————————
lumi 1nN 1.11 1.11 1.11
XS 1nN 1.20 - - Systematic uncertainties
nWW gmN 4 - 0.16 -
Name Type Effect on process

IE’HZUI’I'Ch Alessandro Tarabini 6 I



How Combine works? — text2workspace

text2workspace.py: Convert info in the datacard into a binary ROQOT file containing the statistical
model in the form of a RooFit workspace

ey eThe probability to observe n events is described by a
. kmax 3 . . . .
. # A single channel - chl - in which 0 events are observed in data PO|SSO” d|Str|bUt|On
. bin N
- observation 0 e A(r, V) represents the total number of expected events
s bin
» process
1 process
l Fate
N
n
- - . A’(I/; I/)
p(n,y,r,v) =
n!
—->n=90
— AMr,v) =
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How Combine works? — text2workspace

text2workspace.py: Convert info in the datacard into a binary ROQOT file containing the statistical
model in the form of a RooFit workspace

o eThe probability to observe n events is described by a
. kmax 3 . . . .
! #m: single channel - chl - in which 0 events are observed in data PO|SSO” d|Str|bUt|On
;. bin chl
R
| observation 0 e A(r, V) represents the total number of expected events
s bi hl .
| oracess X *One signal process (ppX)
1 process 0
| rate
N
n
- — . A’(I/; I/)
p(n,y,r,v) =
n!
—->n=20

= Mr. V) =
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How Combine works? — text2workspace

text2workspace.py: Convert info in the datacard into a binary ROQOT file containing the statistical
model in the form of a RooFit workspace

ey eThe probability to observe n events is described by a
. kmax 3 . . . .
. # A single channel - chl - in which 0 events are observed in data PO|SSO” d|Str|bUt|On
; bin chl
- —_
| observation 0 e A(r, V) represents the total number of expected events
s bin chl chl chl .
. process oX  WW £t *One signal process (ppX)
10 0 1 2
| PEocess T 4 *Two background processes (WW and tt)

p(n,y;r,v) = ,
n!
—>n=~0

— Ar,v) = 147 +H0.64

IE'HZLljrich Alessandro Tarabini 9 I



How Combine works? — text2workspace

text2workspace.py: Convert info in the datacard into a binary ROQOT file containing the statistical
model in the form of a RooFit workspace

. Jmax 2 eThe probability to observe n events is described by a
. kmax 3 . . . .
. # A single channel - chl - in which 0 events are observed in data PO|SSOn d|Str|bUt|On
5 bin chl
- -
- cbservation 0 e A(r, V) represents the total number of expected events
5 bin chl chl chl :
R X ww et *One signal process (ppX)
R e e o eTwo background processes (WW and tt)
P e : : : :
s (@ TN —TIT TIT 10D eEach systematic uncertainty results in an associated
4 (xS InN 1.20 - - ) ol-
I R T probability term
A(r,v)" 1
. _ —Ar.v) ~(Uumi—Yiumi)  fo = Wxs—Vxs)
p(n, y, ]/', I/) — e e lumi lumi e XS XS
n! 27

— n = O? Yumi = Vxs = O’ YnWwW = 4

= Ar, D)= 147 [(1.11)m m 0.22 |(1.11)“wnil+ 0.64 (1. 11)V1um1M
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How Combine works? — text2workspace

text2workspace.py: Convert info in the datacard into a binary ROQOT file containing the statistical
model in the form of a RooFit workspace

S 2 eDefault physics model: the rate of every signal process
‘ szsingle channel - chl - in which 0 events are observed in data is multiplied by a common factor r
ikl eCustomised physics model: scaling signals with
Eigi 1;;2; ;;331 ;1 different scaling parameters, parametrisation of signal
e AT D.04 022 processes for interpretations (k-framework, EFT, AC, ...),
3 ;ﬂ 355 4 L2 :;: E signal and background interference, ...
>\
p(n, y; v, 17) — /1(1/', I/) e—/l(r,ﬁ)_e—(’/lumi_)’lumi)z e —(Vys=Vxs)” (ynww)ynww e_(y”nWW)

— n = 09 Yumi = Yxs = O’ YnWwW = 4

|7
N /1(7,, I_/)) :147 (l.ll)ylumi (12) + O 22 (1 11)Vlum1 + O 64 (1 ll)yluml O\Z:I-V
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e @)
Let’'s make it more complicated
Nc ng Exp. events per bin

N
A(@) = L(data | &,0,0) =[] [Poisson(ny, | Awy(@, 0, 0) HPB . | 6,). NP constraints

L(a,6) c=Th=l ——

Agp = max | O, ZMCP(R)Ncp(gL, 55, 5G,P)ycbp(§s) - Ecb(éB)

Gamma Log-normal  Asymmetric Iog-norg:zal p Physics model ) Process norm. Process templates MC stat
L 0 A/ na 4+ —\Y1(s —\ rateParams scaling
N— NO(QG)HKn rnHKa (GL(S)’Ka ,Kﬂ ) ( )HFr(‘D)/ 4_/
n a r

‘) (f) = | M (0,v° (fy + X F(6s,6,7, 6, ), €5)) (direct),
bc /b6 ,/ P \ max (0, exp (In(f) + L F(6,47 7, A7 .)))  (logarithmic),
( , Vertical morphing
KT, for 0 > 0.5; _
K20,k K7 ) = < K, for 6 < —0.5; fb - yb/ Zyb

Lexp (3 (Inx™ +Inx™) + F(Ink™ —Ink~)I(0))), otherwise, Zb ys i §o = 23/81 P Zfii —fio, o — ln(fii) —ln(fio).

Interpolation between up and down variations (horm) K: b

Shape uncert. norm. Zb yb

change factored out Barlow-Beeston

1
"lite" 2
%9’ (6t —67)+g(6"+67)(36° —106° +150)), forf < g; Ecp(6) =0 (Z(ecprCPMCP(&)y) :
_ / p
F(9,5+,5 ) =<0 5:%, for 6 > q, full
—046, for 0 < —q; . Poisson 0, Gaussian ~
Ecb(e) — Z (9_ — 1> ycszcpMcz "I_ Z 0, ec]ch]Mc](“)

Interpolation between up and down variations (shape) i
Credits: A. Gilbert

IE'HZL'J'I'I'Ch Alessandro Tarabini 12I
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https://indico.cern.ch/event/1232388/contributions/5184999/attachments/2578402/4446519/PhysicsDays-Stats.pdf

How Combine works? — Running

Combine is run through a command line

combine -n mass4l r smH 0 -M MultiDimFit SM 125 all 13TeV xs mass4l bin v3.root -m 125.38 --freezeParameters MH --saveWorkspace --algo=grid --
floatOtherPOIs=1 --points=200 --cminDefaultMinimizerStrategy 0 -P r smH mass4l 0 --setParameterRanges r smH mass4l 0=0.0,2 --redefineSignalPOI r smH mass4l 0

e All commonly used statistical methods are implemented

. Limit setting (asymptotic and toy-based) Typically, these methods make use of the profile negative-log-

- Significance / p-value calculation likelihood function, in which the nuisance parameters are profiled

» Confidence interval L, v) = Hp(x;:; T8 D’)Hpk(yk; i)
d k

—In L, V(i)

CMS (s=7TeV,L=5.1fb" {s=8TeV,L=5.31b"

_ CI|V||SI N . 5.1 1" (7 TeV) + 19.7 fo' (8 TeV) + 35.9 fo' (13 TeV) CMS 132 b (13 TeV) o loomssrenr=olh 1928 eV, L2231
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B ] TR SM expected i ~ - . S s R : 20

1.5~ |—68%CL =---95%CL ¢ SMHiggs |- 30 — 13 TeV 7 q‘%'0.18 — B Expected = 10— CI)_1 02 -, \f: ]
i . - .—9.20 — 7+8 TeV 7 ] °ot6 == Expected = 20_] — = e\ =%

i . | OB £ 90 = - Sy «B - 8 _4_ A X |
- Lonmf T - i / 1 T 014F R - o107 4o

i ] - - B . |

1.0_ ] :_ B ‘\ i
i 1 S 10° 56

- i y 10° .
0.5 = N, 60

i ] | = Combined obs. ]

i 1 10719 | .-~ Exp. for SMH -

------ Vs =7TeV R

L ‘. . - L H% ZZ ‘e ]
OO I |\‘L1 |,|’,| AR N N A A N - | SN - | . T |||||||||||||||||||||||||||||||||||||||: 10_12—fI-ITI-IiV§I=I8I-II-eiVII|||||||I|’Y|Y|+|I||||I||“|‘¢_7O
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W . H
10.1038/541586-022-04892-x 10.1007/JHEP07(2021)027 i arXiv:2405.18149 10.1007/JHEP06(2013)081 MH (GEV)
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How Combine works? — Running

Combine is run through a command line

combine -n mass4l r smH 0 -M MultiDimFit SM 125 all 13TeV xs mass4l bin v3.root -m 125.38 --freezeParameters MH --saveWorkspace --algo=grid --
floatOtherPOIs=1 --points=200 --cminDefaultMinimizerStrategy 0 -P r smH mass4l 0 --setParameterRanges r smH mass4l 0=0.0,2 --redefineSignalPOI r smH mass4l 0

e All commonly used statistical methods are implemented
> Limit setting (asymptotic and toy-based)

> Significance / p-value calculation

» Confidence interval

e All methods can run on real data or internally generated toys/Asimov datasets
e Also diagnostics and model information
- Pre-/post-fit yields, shape, and uncertainties

» Covariance matrices

CMS
M"— I | I I I | I I I | I I I | I I I | I
|| * Discovery * LHC Run 1 + This paper
1.5~ |—68%CL ---95%CL ¢ SM Higgs
1.0
0.5
O O_ T \|\‘ L 1 ,r'lll RN RN N NN N R R B

0.6 0.8 1.0 1.2 1 '4K

10.1038/s41586-022-04892-x

30}

ST
CMS — Combined
----- SM expected
N — 13 TeV .
- —5.20 — 7+8 TeV s
‘ 50

25}

5.1 b (7 TeV) + 19.7 fb'' (8 TeV) + 35.9 fb™ (13 TeV)
T | T T T T | T T T T | T T T T | T T T T | T T T | ]

10.1007/JHEP07(2021)027 i
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X ]
Ag o116~ = Expected + 20 _~
; %ﬁ% Ogy x B i
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arXiv:2405.18149
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Q_ I~ “a, - ]
— — LR % _|30
(U B ~‘s “ _
O -4 ‘$ (N
3 107 46
-6 " . —]
10 - .~~‘ _50
_8 ‘\
107 ]
* 60
- ‘ —]
10 - Combined obs. ‘\
10 " [|--- Exp.forSMH .. —
| Vs=7TeV R
[ [ == Vs =8 TeV H%YY-*-ZZ Q‘s _70
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Likelihood-based unfolding

Since Combine has access to the full likelihood, it can be used to perform likelihood-based unfolding

-

xI'GCO

=R-X,.+b

Ireco true

L, 0) = | | Poiss(Xeeos| D #i * Xiruei®) - Ry@) + b)) | | @il )
i j k

Advantages of likelihood-based unfolding
eSignal extraction + unfolding + inclusion of systematic uncertainties + measurement of physics

quantities (+ regularisation) in one shot

eBackground subtraction is accounted directly in the likelihood
eSystematic uncertainties are accounted for directly during the unfolding as nuisance parameters
*\Ve can profile the nuisance parameters during the unfolding to make the most of the data available

IE'HZUrich Alessandro Tarabini 15I



Likelihood-based unfolding: counting ex

periment

reco frue

L 0) = | | Poiss (Xecos | D #5 * Xirued®) - Ry@) + b,@)) | [ pe@ic 1 0
i j k

*|nput parameters in the model are the signal, bkg, and data yields

*|n each reco-level category, consider the contributions of all true-level
bins
eRarely used, lower sensitivity

Imax * Unfolding with level
ax * nrolding with two reco-ileve
icma,x . categories and two true-level categories
# __________________________________

bin recol recod

observation 1500 1900

e

bin recol recol recol recol recol recogl
process truel trued bkg truel trued DbKkg
process O -1 1 O -1 1

rate 1000 70 200 40 1300 250

# __________________________________

# systematics

# __________________________________

IE'HZLljrich Alessandro Tarabini 16I



Likelihood-based unfolding: counting ex

bins

reco frue

periment

L 0) = | | Poiss (Xecos | D #5 * Xirued®) - Ry@) + b,@)) | [ pe@ic 1 0
i j k

*|nput parameters in the model are the signal, bkg, and data yields
*|n each reco-level category, consider the contributions of all true-level

eRarely used, lower sensitivity

Imax * Unfolding with level
ax * nrolding with two reco-ileve
Lma,x . categories and two true-level categories
# __________________________________

bin recol recod

observation 1500 1900

e

bin recol recol recol recol recol recogl
process truel trued bkg truel trued DbKkg
process O -1 1 O -1 1

rate 1000 70 200 40 1300 250

# __________________________________

# systematics

# __________________________________

Arbitrary units

- Istribution
5000 — Truth distributio
i $ x2-based unfolding
= ] Likelihood-based unfolding
1500
1000 [—
500 —
O-u-b -----------------------------------------------
—lllllllllllllllllllllllllllllllllllllllllllllllll

Comparison of likelihood-based unfolding and least-squares
based unfolding as implemented in RooUnfold

0 1 2 3 4 5 6 7 8 9 10
Bin number

ETHzirich

Alessandro Tarabini
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Likelihood-based unfolding: shape-based

't is also possible to move to shape-based (unbinned) analysis to make the most of the data

Ireco true

fZ( /’t: I/) — H Poiss (xreco,i Z /’tj ) xtrue,i(l_)) ) sz(z) fmg(l_j) T bz(z) ﬁakg(l_j)) Hpk(f]k ‘ yk)
: [ k

Cat0

+ Data

- = BKg

] BinO (off-diagonal)
] Bin1 (diagonal)
17 Ho/M1

+ Data
- = BKkg

++++f+++* [ BinO (giagonal

] Bin1 (off-diagonal)

it o
++ Ho/p
™y

fit simultaneously in catO/cat1 to get the
Bin strength modifiers p=(uo,u1)
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Likelihood-based unfolding: shap

e-based

't is also possible to move to shape-based (unbinned) analysis to make the most of the data

Ireco true

fZ( /’t: I/) — H Poiss (xreco,i Z /’tj ) xtrue,i(lj) ) sz(z) fmg(l_j) T bz(z) fbkg(l_j)> Hpk(f]k ‘ yk)
: [ k

shapes data_obs pinl parametric—analysis—datacard-input.root w: Import any arbitrary binned/unbinned RooFit pde
— data_obs
shapes signal binl parametric—-analysis—-datacard-input.root w:sig Links to the ROQOT files with the corresponding
shapes background binl parametric—-analysis-datacard-input.root w:bkg RooAbsPdf/RooDataSet
~ bin binl
observation 567
11 # ———————————————
2 bin binl binl
. process signal background
process 0 1
rate 10 1
B, —,—,—
lumi 1nN 1.1 -
sigma param 1.0 0.1
alpha flatParam
o bkg_norm flatParam

IE'HZL'J'I'I'Ch Alessandro Tarabini
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A real-case scenario: H-

>VY

An example of shape-based likelihood unfolding: XS measurement in the H->yy channel

Ireco

CMS Simulation

Fiducial Acceptance (%) 12.93 5.81 5.99 5.39 4.58 4.11 3.51 5.79 6.26 5.41 3.43 2.14 1.38 1.37 0.80 0.72 0.48 0.14 0.06

0.0 < pieee(GeV) < 5.011:24 0.26

H— vy

5.0 < preeo(GeV) < 10.010.30 242 0.31

10.0 < prree(GeV
15.0 < pe?(GeV
20.0 < plFee(GeV

(

(

( < 20.01
(

25.0 < preee(GeV

(

(

(

(

< 25.01
< 30.0 1
< 35.01
< 45.01
< 60.01

30.0 < piFe(GeV
35.0 < plFee(GeV
45.0 < piFe(GeV
60.0 < piFee(GeV
80.0 < pFe°(GeV
100.0 < prree(GeV
120.0 < prree(GeV

)
)
)
)
)
)
)
)
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A real-case scenario: H->yy
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Regularisation

The simplest way to introduce regularisation in the likelihood-based approach is to apply a penalty term in the

likelihood function (so-called Tikhonov regularisation)

reco {rue

F(u0) = [ [ Poiss (%ecos | D 45 * Xirue @) - Ry®) - £io@) + b,®) - fore®) | | e@i 02 - H ()
i j k

In Combine, it is possible to implement both the TUnfold and SVD variant of the Tikhonov regularisation
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Regularisation: H->WW

Measurement of the inclusive and differential Higgs boson

production cross sections in the leptonic WW decay mode
at /s = 13 TeV

* The regularisation term penalises the curvature (high-frequency

e Regularisation strength o: optimised in order to minimise the mean

N—-1 2
N — [(/“ti 1 /’ti) o (/“ti o /’ti—l)] fluctuations
%(ﬂ):llexp i 55 uctuations)
=2

of the global correlation coefticient on an Asimov dataset

The regularisation term can be added to the likelihood with a simple line in the systematics section of the datacard

<name> constr <formula> <args> <delta>

1 / < formula >
—_—— exp|——

2 < delta >
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https://link.springer.com/article/10.1007/JHEP03(2021)003

Measurement of the inclusive and differential Higgs boson
production cross sections in the leptonic WW decay mode
at /s = 13 TeV

Regularisation: H->WW

e The reqgularisation term penalises the curvature (high-frequenc
N—1 9) 9 P 9 ® y
( — [ty — 1) — (uy — p;_y) | )

— fluctuations
H(@) = | [ exp 5 o

e Regularisation strength o: optimised in order to minimise the mean
=2

of the global correlation coefticient on an Asimov dataset

The regularisation term can be added to the likelihood with a simple line in the systematics section of the datacard

constrO constr @O-2*@l+@2 r O,r_1lr 2 2.50
constrl constr @0-2*@1+@2 r_lr 2,r 3 2.50
constrd constr @0-2*@l+@2 r_2,r 3r 4 2.50
constr3 constr @0-2*@l+@2 r 3.r 4r 5 2.50 Regularisation strength optimised to be 2.50

The analysis measures the XS in ép%I bins —> 4 penalty
terms to add to the likelihood
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Regularisation: H->WW
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TUnfold vs Com

bine

TUnfold Combine
Method Least-square minimisation Maximum likelihood
Numerical minimisation with Minuit and
Speed Linear algebra —> very fast complex fit with nuisance parameters —>

much slower

Number of unfolded bins

Up to very large numbers

Complexity of the fit increases with the
number of bins

Regularisation

Possible

Possible

Background

Simple subtraction

Can do simultaneous binwise signal +
background fit

Systematic uncertainties

Vary externally and repeat unfolding

Simultaneous fit of nuisance parameters
and profiling them

Ideal application

High statistics, low background, precision
analyses, e.g., inclusive jets, ttbar production

Anything, except cases with very large
numbers of unfolded events

Credits: O. Behnke, P Gras, G. Kasieczka
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Conclusions

After a decade of development, the Combine package has become the main tool used for
statistical analysis of data by the CMS Collaboration

The statistical model is constructed from a text file provided by the user and a configurable
physics model that encodes the parameters of interest and the nuisance parameters that
model systematic uncertainties

The Combine package can perform a variety of statistical procedures, including the
possibility of performing likelihood-based unfolding
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Nuisance parameter

Table 1: Available uncertainty types for counting experiments. The second and third columns
indicate the entries for the datacard required to specity the type, and the relative effect on
the yield of each process in each channel. The fourth and fifth columns indicate the resulting
multiplicative factor by which COMBINE scales the normalization of the relevant process in
the specified channel, and the term p(y;v) that is included in Eq. (1). Finally, the last column
indicates the default values of v and y. Where relevant, the value of k — 1 can be interpreted as
the relative uncertainty in the process normalization in a given channel.

Uncertainty type Directive Inputs Multiplicative factor, f(v) p(y;v) Default values

Log-normal 1nN kappa K" N(y;v,1) v=y=0

(kPown) "Vif v < —0.5,

Asymmetric kappaDown, )
1nN (xUP)" if v > 0.5, N(y;v,1) v=y=0
log-normal kappaUp e U
e K(™ k) otherwise.*
Log-uniform 1nU kappa KY Uy, 1/x,x) v=y=73(x+1/x)
Gamma gmN N, alpha’ v/N Ply;v) v=N+1y=N}

*K (kPown, xUp,v) = % 41n (kUP /xPown) 4 In (kUPxPown) (481> — 4003 + 15v) | ensures that the multiplicative factor and its
first and second derivatives are continuous for all values of v, and reduces to a log-normal for kP°"" = 1/xUP.
"The rate value for the affected process must be equal to Na.

FThe default value for the nuisance parameter is set to the mean of a gamma distribution with parametersx = N +1, A =1,
as defined in Ref. [20].
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Global correlation coefficients

V represents the covariance matrix
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Datacard for a template-based anal

ysis

imax 1 Number of bins/channel
jmax 1 Number of processes

kmax 4 Number of nuisance parameters
Links to the
shapes * * template—analysis—-datacard-input.root $PROCESS histograms saved

<> SPROCESS_S$SYSTEMATIC in a root file

T ——
bin chl Unique channel label
observation 85 Number of observed events in a channel
o
bin chl chl
process signal background Process label
process 0 1 Process ID (<=0 for signal)
rate 24 100 Expected number of events
# ________________________________
lumi 1nN 1.1 1.0
SOnOEN B Lo Systematic uncertainties
alpha shape = 1
sigma shape 0.5 —

Name  Type Effect on process

Events / 0.1 units

CMS
—— background -+ alphaUp
---- alphaDown
301 —— signal e sigmaUp
-=-=- sigmaDown
ofeey ¢ data obs
®
204 | =
.
? -4--|..§
10- N
“en .‘T.'.‘.I.'.‘.-.'l_ _*_ h
0 ' T T
0.0 0.2 0.4 0.6 0.8 1.0

X = MVA output

Root file containing the nominal

histograms and two additional

histograms per process related
to the =10 shift
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Other tools

e Several other tools exist which offer various advantages over the ROOT/RooFit base of combine:

combine-tensorflow

Originally for W helicity analysis
Combine binned model implemented
Auto-grad+hessian, parallelisation
+ Alternative minimizers

- CMS Preliminary
o B T

Likelihood

Likelihood+Gradient

Hessian

zfit

e Also TF based, supports parametric
models

Combine, TR1950X 1 Thread

TF, TR1950X 1 Thread

TF, TR1950X 32 Thread

TF, 2x Xeon Silver 4110 32 Thread
TF, GTX1080

TF, V100

10ms
70ms
20ms
17ms
7ms
4ms

830ms
430ms
71lms
54ms
13ms
7ms

165s
32s
24s
10s
8s

Performance > 100x wrt. current combine

e Can lack some of the features needed to cover all our needs

pyhf
Pure-python implementation of

HistFactory (used in ATLAS)
Support for PyTorch/TF/JAX backends
Becoming popular for sharing public

differentiable
Yikelihoods

phf

+ several others

o RooFit development currently quite active (vectorized evaluation, GPU dispatch and auto-grad on the horizon)

e Should continually survey the alternatives, and consider where future efforts from our side are best directed
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