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What Is the Matrix Element Method (MEM) ?

| Event-by-event discriminatdauilt uponmatrix elements

! First introduced at LEP; in hadron-hadron collisions, Prst application
at theTevatronto measure themass of the top quark

" p@Runll, 370 pb™

single-lepton channel

PO, 2006; CDF 2007

i . | |
B 0.9 1 1.1
jet energy scale

|  Applied subsequently tmany other analyseall tt channels, single
top,WH, H to WW at the Tevatron, H to ZZ, H to WW at the LHC

! Still subject to developments tonproveits formulation /extend
the range of application
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OUTLINE

¥ Part I: Introduction to the Matrix Element Method
¥ General idea
¥ Debnition
¥ Current developments
¥ Part II: Examples of application
¥ myp reconstruction
¥ Characterization of a scalar resonance
¥ Search for ttH
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New physics searches at the LHC

PROBLEM STATEMENT:

Experimental

from a sample ofexperimentd
events,how can we learn morg
about the structure and the
parameters of the_agrangiaf?

Due to

- the complexity of the signatures
- small S/B expected ratips

this may be very complicated !

Lagrangian
L(m 1,01,...

| Need for a sophisticated procedure
to discriminate between different

theoretical assumptions (e.g. forym, ...)
from a sample of experimental events

. )
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Why is the MEM so special ?

Two distinct approacheare used at hadron colliders:

1. Monte-Carlo-based approach

» the discriminator is built upoiMonte Carlo eventONLY

11. Matrix-Element-based approach subject of this lecture

the discriminator Is built uponard-scattering matrix
elements(and also Monte Carlo events)
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Lagrangian

L(p1,p2,...

Experimental
events

Monte-Carlo-based approach

In the last decade, sophisticated tools has
been developed to simulateard scattering
events based onMonte Carlo techniques
for any model that can be debned in the
form of a Lagrangianat leading/next-to-

leading order.
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Monte-Carlo-based approach

Lagrangian
L(p1,p2,...

hard sc. Matrix Parton-level Showering/

Elements Events Hadronization

Y

TH output: .

~-signal  background

I ———

I

Experimental
events
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Monte-Carlo-based approach

Lagrangian
L(p1,p2,...

hard sc. Matrix Parton-level Showering/

$9|d JUDAD

Detector
signal I:I Resolution

il detector-level
selected events
Selection

procedure

Elements Events Hadronization

lI9A3|-UuoJpey
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Monte-Carlo-based approach

Lagrangian
L(p1,p2,...

hard sc. Matrix Parton-level Showering/

Elements Events Hadronization

| Theory information is passed
throughMonte Carlo eventonly

| Samples of evenserve as an input
to a kinematic methodo build the Detector
pack discriminator Resolution

$9|d JUDAD
|9A3]-Uoipey

1L detector-level
e e HTL selected events
Selection

procedure
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Monte-Carlo-based approach

| Simple casetiscriminatorbuilt on one reconstructed
observable, e.g. thavariant mass of two leptons

it 1. Reconstruct the distribution of events
with respect to d=m(t,lI) from MC

o, ‘\% events, under B-only and S+B hypothese
Moy, W
)

2. Compare with the distribution of exp.
wewss  events with respect to d

da/dM (pbl'GGV)
o

| Thediscriminant powecan be enhanced by using a
sophisticated algorithr (NN, BDT) which analyses the
distribution of MC events with respect to large number of
observables

10
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Monte-Carlo-based approach

Lagrangian
L(p1,p2,...

hard sc. Matrix Parton-level Showering/

Elements Events Hadronization

| Theory information is passed
throughMonte Carlo eventonly

| Samples of evenserve as an input
to a kinematic methodo build the Detector
pack discriminator Resolution

$9|d JUDAD
|9A3]-Uoipey

1L detector-level
e e HTL selected events
Selection

procedure
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Matrix-Element-based approach

Lagrangian
L(p1,p2,...

hard sc. Matrix Parton-level Showering/
SENERS Events Hadronization

detector-level
selected events

|I9A3]-uoipey

Detector
Resolution

—= Probability Density Selection
Function (PDF) procedure

Discr. variable built | Theory information is passed vi
upon PDF +calibration a (partly)analytic probability
signal — density function(+ viaMC events
background &....... | The discriminatoris build upon

il this probability density functioge.
1L g. using a likelihood procedure)

Experimental
events

number of events

discriminant 12
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Lagrangian

Matrix-Element-based approach

hard sc. Matrix

Elements

L(P1,p2,...

Experimental
events

Probabllity Density
Function (PDF)

Discr. variable built
upon PDF +calibration

13

detector-level
selected events

AN

Parton-level Showering/
Events Hadronization

5| JUBAS
|I2A3]-uoJpey

Detector
Resolution

Selection
procedure

delicate task (accuracy ?)

OMatrix Element MethodO:

| Model to approximate the
Probability Density Function
In the case of hadron-hadron
collisions
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Matrix Element Method

| Construction of thePDFbased on hard scatteringatrix
elements

| Debpnition of thediscriminating variahlékelihoodbuilt upon this
PDF

MEM likelihood analysis

Combine the weights
Into a likelihood

Debne a Probability Evaluate the probabilit
Density Function usin at each event under th *

matrix elements hypothesesx=hy,hp,...

P(z|a) *wi(oz) — P(x;]a)

matrix element weight

L(a) ~ H P(z;|a)

T : kinematics of the reconstructed event

& : theoretical assumption

14
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Reweighing events with matrix elements

| Imagine we live in aideal world with anideal detectorable to
reconstruct

allthe pPnal state objects

at the scale (& scale of the hard interaction

with aninbnite resolution

15
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Reweighing events with matrix elements

| Assuming this ideal world/detector, consider the following sez

signal ut q background ur
q 7 | Z !
H H
N b b
@ hss~<
8 ? 8

In this analysis, an event x correspondsyg+ , P! ; Pb, Mg

Debne a probability

density function using P(x|S)! ‘MS(X)‘z P(XlB)! ‘MB(X)‘Z

matrix elements

Mg :matrix element M g : matrix element under
under thesignal hypothesis the background hypothesi

16
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Reweighing events with matrix elements

1l background events C——1

-'? Slgnal events
Evaluate the probabilit 2 =
for each event under the g
hypothesesx=S or B = 0.1
>
GJ 5
0.01 1 T
0O 02 04 06 08 1
L, PxB)
D(X)= 1+
) P(x|S)

D is a discriminator based on the phase-space distribution of the events

17
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DebPning the likelihood

ool iE b Given N experimental events, you can test the S+B
into one likelihood hypothesis versus the B-only hypothesis

If s,b =expected numbers of signal and background evshkisown,
you can also use this information to improve the discriminating power

IN
Likelihood for the B-only hypothesisiPois(N|b) P (x;|B)
=1

Likelihood for S+B hypothesis: IN
Pois(N|s+ b) [sP(Xi|S)+ bP(x;|B)]/(s+ b)
i=1

K. Cranmer,T. Plehn, Eur. Phys. J. C 51, 415-420

18
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Real experiment

In a real experiment, a reconstructed event cannot be weighted by a
unique matrix element:

1. Missing energy

Some particles escape from the detector
without any interaction (neutrino, wimp, ...)

example: top-quark pair production, di-leptonic channel

19
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Real experiment

In a real experiment, a reconstructed event cannot be weighted by a
unique matrix element:

2. Showering/hadronization effects

A high energy collision is a multi-scale process, but a Pxed-order matrix
element provides a relevant description only for the hard scale Q

Q > ~1GeV
physics hard scattering showering hadronization
description tool matrix element at Sudakov form factors simulation model
bxed order ins _)56: _)56: tuned to the data
t1 t2 {3 -
l (t1,t0) = exp | ! ttl dt—fl dz! Szflt!)P(z)”

non-branching probability between scaleamnd b

20
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Real experiment

In a real experiment, a reconstructed event cannot be weighted by a
unique matrix element:

3. Experimental resolution/reconstruction algorithm

the Pnal state objects (hadrons, leptons) are
reconstructed with a Pnite resolution

21
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MEM prescription for the PDF

In a real experiment, a reconstructed event cannot be weighted by a
unique matrix element:

P(xx) must besummed ovethe
unobserveddegrees of freedom

1. Missing energy <«—

ex: transfer function

2. Showering/hadronization effets | on jet energy
0.08 | T

3. Experimental resolution/reconstruction algorithm

<«—> convolute with atransfer functionV(x,y) %%/

= probabillity that x Is reconstructed given

that y has been produced 0 - -
-30 -15 0 15 30

E-Ej (GeV)

y W > X
parton-level » showering/ » detector selection * reconstructed
event hadronization resolution ' procedure events
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OAssumedO factorization in MEM:

W (X,y)

(including resolutio

The prescription to extract theransfer functiorrelies on a
one-to-one assignment betweeaconstructed jetsandpartons

| This prescription ismbiguous beyond LO
| Current debnition of the pdf in the MEM h&® accuracyonly

23

Tuesday 3 September 13



DebPnition of the PDF In the MEM

| Real detector: neednarginalize over unconstrained informatic
and toconvolute with the resolution functiow for the
measured gquantities

1 1 -
_ 2
jet perm. T \
Integration on th treelovel transfer function
parton-level phase-space ree-leve extracted from
matrix element . .
MC simulation

normalization: dxW(x,y) =1

*the probabllity density P(xk) isnormalized to 1

24
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First MEM analyses at the Tevatron

Top-quark mass measurementfrom t#roduction in hadron collisions

semi-leptonic channel _b

DO, 2006; CDF 2007+

dileptonic channel

DO, 2007; CDF 2007+

90" p@Runll, 370 pb™"
180 [ —
170 | —
160 [

R 1.1

jet energy scale
[DO Phys. Rev. D75 092005, 2006]

Signibcant improvement for the measurement
of the top-quark mass

25
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Recent developments in the MEM

1st Mini-Workshop on "Theoretical

2 advances in the Matrix Element Methods”

Research activities in several directions:

|. Maximumstatistical signiPcanéé&reatment of thesystematics

2. MEMbeyond Leading order
3.Practical calculatioaf the MEM weights

4. Exploringhew applicationsf the MEM

26
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|. Maximum statistical signibPcance / systematics

Formalexpected maximum signibpcanbased on the Neyman-
Pearson Lemma Plehn, K. Cranmer, 2006

" For a simple hypothesis test {H1),
W N the variable that maximizes power is
H <

W !

the likelihood ratio
L (X H 1)
Q) = X

L (X|Ho)
Fourier transformation to obtain the expected Likelihood proble

of a sample of events (including Poisson 3uctuations) from the single-e
Likelihood proble no need to generate pseudo-experiments

Generalization: proble likelihood wigystematic uncertainties
Included as nuisance parameters in the likelih@aédCowan,
K. Cranmer, E. Gross, O.Vitells, 2010

27
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Il. MEM atNLO
J. M. Campbell, W.T. Giele, C.Williams, 2012

DebPne arNLO weightfor EW production processes in the
unresolved regiorfveto on events with extra jets)

Example of application: Higgs boson production in the 4-lepton
channel

Born 1-loop real-emission

28
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Il. MEM atNLO
J. M. Campbell, W.T. Giele, C.Williams, 2012

! NLO correction may affect the kinematics of the Higgs boson
In the lab frame (nonzero pT)

\\\\ \\\ ///
boost o \ .f/_,_ I
/ . / T AN
// //' :
LAB frame MEM frame

Step 1. Boost the exp. events in a frame where pT(h) =0 (MEM fra

one can readily associate a LO weight to the event

f(x1)f (x2)
2X1X2S
29

Plo(! B) = M O (1))

Tuesday 3 September 13



Il. MEM atNLO
J. M. Campbell, W.T. Giele, C.Williams, 2012

Step2: DebPne aliR-safe weight at NL@ccuracy In the
unresolved regiofpT(radiation)<sir]

Crucial idea: use theorward-Branching Phase-Spé#aetorization to integrate
the real-emission amplitude over the unresolved degrees of freedom

d (Pat pp! Q+pr)=dl (bat bp! Q)" d! rgps (PasPosPr) " et

divergent divergent

PNLO _ f($1)f($2) ((1 s Rv(smzn))'lM(O)((I)B)|2 £ QRG{M(O)M(I)T ((I)B)})

2T1x98

u -/Smm d(I)II?gPS((DB)Ja: f(zx;ziijb) |MI(20)((DR(¢B))|2 i O(szn)

divergent (IR)

Remarks: 1. Pxed-order MEM weight (no resummation), in
particular the scalenim cannot be chosen to small

2. marginalization of the infgormation of ()
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Ill. Effectivatreatment of extra QCD radiations
J.Alwall, A. Freitas, O. Mattelaer, 2011

Step 1:boost correction(correct for the fact that ISR affects Born-
level kinematics)

Step 2:sudakov reweightinfpr the ISR

Remarks:1. information on p (H) is also folded in the dePnition of the weig
(resummation of the logs in the Sudakov weight)

2. no information from the39ne—loop amplitude
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I\V. Shower deconstruction
D. E. Soper, M. Spannowsky 2012

hadronization Standard MEM:

scale

hard scale

transfer functioW(y,x)

= map between the parton-
level kinematics and the
reconstructed jets

Y
“
00T R000 55 " &

Y Microjets Shower deconstruction:

reconstruct themicrojet conpg.
(kt, R=0.15,p> 5 GeV,)

and consider the probabillity

2) Shower deconstruction density function of these objects

An algorithm which does not stop at the hard interaction scale but
evolves down to the hadronization scale, hereby resumming large logs

32
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V. Shower deconstruction

How do you get the weight 24rge loggprevent the use of bPxed-order
matrix element)

step 1:reconstructall possible branching historikE=ading to the
observed micro-jet conbguration

step 2: relative weight for each branching history is a product of
Sudakov form factors

I s(t) P(Z)”

dz
. t! 2"
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Practical Evaluation of the PDF

LetOs go back to the debnition of the weights at leading order:
1 1

P(Xi,!)= o N d#y, M |“(y)W (X, y)Acc(x)
jet perm/' T \
Integration on the tree-level transfer function

parton-level phase-space matrix element

34
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Practical Evaluation of the PDF

LetOs go back to the debnition of the weights at leading order:
1 1

— 2
P(Xis!) = wops dtty M 7(Y)W (xi,y) Ace(x)
jet perm/' T \
Integration on the tree-level transfer function
parton-level phase-space matrix element

avallable with the use
of a matrix element
generator (madgraph,
sherpa, ..)

35
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Practical Evaluation of the PDF

LetOs go back to the debnition of the weights at leading order:

1 1 ,
P(Xi,!) = woms dity M 7(y)W (x1, y)Acc(x)
jet perm/' T \
Integration on the tree-level transfer function
parton-level phase-space matrix element

avallable with the usé can be extracted
of a matrix element from Monte Carlo
generator (madgraph, similations
sherpa, ..)

36
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Practical Evaluation of the PDF

LetOs go back to the debnition of the weights at leading order:

1 1

"obs N
jet perm.

P(Xi,!):

Integration on the
parton-level phase-space

| Monte Carlo
Integration ?

d#y M |“(y)W (xi,y)Acc(x)

A\

tre_e-level transfer function
matrix element

avallable with the usé can be extracted
of a matrix element from Monte Carlo
generator (madgraph, similations
sherpa, ..)

37
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Monte Carlo integration

Basic ideal = dz f (z) is estimated by sampling the volume V=[0,1]
v N
. . - . 1!
with N uniformly distributed random points:E = N f(zn)
n=1
. LS VA i i
Std deviation? | | . 2 4 — Integration yolume
1 IN *}+ + + ++ |
S? = var(f) = [f (z)! EJ B -
NI 1 + 8 .
n=1 | .1 "
if S large * pOOr convergence o I
O | I+
0 1

VA

38
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Monte Carlo integration

Px, 1)1 dy My wx,y)

Highly non-uniform, Highly non-uniform, especially when
especially in the presence the resolutionassociated with a
of resonances reconstructed quantity xs high
Pi !
I
si=(pi+pi)

Pi
Breit-Wigner distr. in §

Yi-Xi
When the dimension of the phase-space Is large, this structure
In OpeaksO complicates the numerical evaluation of the weights

Need for a procedure to speed up the convergence

(large number of weights must be evaluated)
39
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Monte Carlo integration

Adaptive MC integratiorprobe the phase-space volume according to a
probability density functionP(z) = p1(z1)p2(2?) ... pa(z°) (grid)

that is adapted iteration after iteration

1 Integration volume

| +

The grid has &actorized dependence
In the integration variables r

Here: adapt the expected densiky r

of points along the direction Z »
to resolve the OpeakO

o L

Zl

40
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Adaptive Monte Carlo integration

The efbciency of the adaptive MC integration depends ortlivece of
variables of integration

Variables z z:

The grid cannot be adjusted efPciently to the
shape of the integrand because tteength of

the Opeakin the integrand is not controlled by a
single variable of integration

Variables ) i

The probability density along(= variable that
controls the strength of the Opegkean be
adapted to probe the integration region where
the integrand is the largest

41
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lll. Practical Calculation of the weights

|. Phase space mappipgrametrize the phase-space in such a way that the

strength ofeach pealis mapped ontaa singlevariable of integration

11. Adaptive MC integratioiprobe the phase-space volume according to a
orobability density functionp(z) = p1(z1)p2(2?) ... pa(z%) (grid)
that is adapted iteration after iteration
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MadWeight

Fullautomationof the calculation of the MEM welights (LO only) in the
madgraphframework P.A., F. Maltoni,V. Lemaitre, O. Mattelaer, 2011

MadWeight =generatorof optimized phase-space mappingls, for
the evaluation of theveightsin the Matrix Element Method

I Multichannel integrator

I Narrow Width Approximation optional

| Effective treatment for ISR radiation

I Grouping of subprocesses

I Pre-training of the grid

I Monte Carlo over parton-jet assignements

The code is available on the launchpad.:

bzr branch Ip:~maddevelopers/madgraph5/madweight mc_perm

43
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MadWeight: how does It works ?

A. Process v’

q . |

ul

>V‘N{¢H< b
@ h\<

matrix
element

Inputs: Output:

A. Assumed process  Lijst of the weights
B. Transfer function for each event

C. Event ble

'C.Transfer fct

~ A.Eventble

transfer
function

for all |

44
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MadWeight: how does It works ?

Step 1generate the matrix elements
type ./bin/mg5 to open the prompt

input : proc_card_mg5.dat

Process

iImport model sm
generatepp>ZH,Z>mu+mu-,H>b b~

matrix output madweight HZ hypo
element

output :

code for the evaluation of the
weights in directory HZ_hypo

45
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MadWeight: how does It works ?

Step 1generate the matrix elements
type ./bin/mg5 to open the prompt

Process

matrix
element

input : proc_card_mg5.dat

iImport model sm
generatepp>ZH,Z>mu+mu-,H>b b~
output madweight HZ hypo

L )

output :

code for the evaluation of the
weights in directory HZ_hypo

type @GunclO for the evaluation of the weight

and follow the in%ructions
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MadWeight: how does It works ?

framework for MEM that iseliable, user-friendly, reproducible, fast

Step 2:event Ple (LHCO format) must be copied at

HZ hypo/Events/input.lhco

(or use the command Ocheck_eventsO)

47

Oreconstructedd eveé

events

{ Xi}
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MadWeight: how does It works ?

Step 3debne your owil F parametrization

Source/MadWeight/transfer_function/data/Thy tf.dat

load TF: type Ochange_tipy

Please choose your transfer_function
O/ all_delta

1/ dbl _gauss pt_jet

2 /| gauss_on_leptons

3 / single_gaussian

4 [ uniform

5/ user

transfer

function

W (X,y)

wW()

48

0.04

0.035
0.03 ¢
0.025
0.02 ¢
0.015
0.01 ¢
0.005

0

-20 -1

several predebPned

narametrizations

E,=60 GeV

0

10 20 30 40 50
| =E_-E; (GeV)
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MadWeight: how does It works ?

Step 4edit the cards with the input parameters associated with (1) the model,
(2) the collider, (3) the submission of the jobs and (4) the transfer function

Do you want to edit one card (press enter to bypass editing)?
1/ param : param_card.dat
2 [ run . run_card.dat
3 / madweight : madweight card.dat
4 [ transfer : transfer card.dat

I — B ——————

the code willload phase-space generator, evaluate the weights, collect the resul

matrix phase-spac
element generator

transfer
function

W(X,y) l {Xi}

49

events

4

weights | g (Xi , | )
for all |
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MadWeight: how does It works ?

The output isreproducibleif you keep track
1. proc_card_mg5 of the input cards and the event ble.

Process

3.TF_my tf.dat,
4. transfer card.dat

maltrix phase-spac transfer
element generator function
2 |
MP(y) dhy

4. param_carF ‘ ‘
5.run_card

2.lhco ble

events

W(X,y) {X}

for all |

6. madweight_card

50
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Normalization of the weights

MadWeight returns the values of the weight without the! ©%$ normalizat

1 (1
P(Xi,!) = 7o N d#y, M |“(y)W (X, y)Acc(x)
jet perm.
To estimatd ©PS

| Generate parton-level distributed according i |*(y)
(parton-level cross section + )

| Smear the energies/angles of the reconstructed particles
according to the transfer functiol/ (X, y )

| Count the number of events (after smearing) falling inside
the acceptance region and record the associated efpciency

| ObS — | »

51

Tuesday 3 September 13



Part |l

¥ Reconstruction of m (single-lepton tt samples)
JHEP 1012 (2010) 068

¥ Characterization of a scalar resonangeivi306.6464

¥ Search for ttH Phys. Rev. Lett. 111,091802 (2013)

52
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Reconstruction of mp

A. PROC: tt, single-lepton channel
1,[(LHC, 14 TeV)

C. MC sample: 20
B. TF: double Gaussian events, generated
distribution on jetenergies  wjth myp=170 Ge

0.08

matrix phase-spac transfer %
element generator function

P (X;, m¢)
or each event,
=160, 162.5,

53
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Reconstruction of map

856 :
asa | | 190 | -
852 s (%DJ 180 | f
T 850 : = -
N : < _ P
aug | = 170 e
846 | | : - eo| b
844 L ' ' ' ' ' S ' ' '
160 165 170 175 180 185 160 170 180 190

! Top quark mass can be reconstructed toynimizing

| log[L(Mp)] = !~ 2 P(Xi|Mop )
with respect to mop

| The statistic errorcan be estimated by the half width of the
distribution at log(L/L max) = 0.5 My =171.9% 2055t GeV

! Biasthe probability density function assumed in the MEM does not
exactly describe the phase-space distributions of the Monte Carlo

events calibration procedure
54

Tuesday 3 September 13



Higgs Characterization in the 4l channel

| MELA approactstudyof h! ZZ* 1 4l with the MEM for

discovery and characterization of the new 125 GeV resonance
Y.Gao et al, 2010

S. Bolognesi et al, 2012

| Here we consider the characterization of a scalar boson using
the framework of arEffective Field Theoryalid up to a scale

! Only one new state X{) at the electroweak scalg
(all other new states are heavier than )

! Includes all effects coming from the complete set of
dimension 6 operatorghe for spin-0 case (above
the EW symmetry breaking scale)

55
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Higgs Characterization with the use of EFT

| Interaction of aspin Ostate withZ bosons

—[Ze | H
L el GC! l sM OHzz Zul™ KXo J SM case Ostate

11° . . .
E Z'_ C !l yzz ZH"ZH + S ! aAzz Z-H"ZH XOJ

dimension-6 operatorg¢above the EW scale)

Adjustable parameters:
B R R R R R R R R R R R R R R R R R R R R RRRR
#%# INFORMATION FOR FRBLOCK

I | | N fro n‘[ Of eac h p aram e'[e I R R R AR AR R RR AR AR AR RBRRE
Block FRBlock
1 1.000000e+03 # Lambda
2 1.000000e+00 # ca

angler parametrizing théP- e
mixingbetween 0 and 0O states s e

7 1.000000e+00 # kAaa

1.000000e+00 # kHza

parameter default value description 1.000000e+00 # kAza

1.000000e+00 # kHag

| [GeV] 10° cuto" scale eeiaitt g
.. | 0.000000e+00 # kAzz

c (! cosl) 1 mixing between 0" and O 0.000000+00 # KHun,
) ] _ _ 0.000000e+00 # KAww
" lor0O dimensionless coupling parametel sososoe oo ¢ thie

56
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Specibc channelpXto 4 charged leptons

| Kinematics: 5 variables

('1,12,1, my, my) 4 z
Lo f
p X\ A0 z

! ConbPdence level toeject hypothesisHD if hypothesisSM is realized
a) signibcance with 1-dimension distribution ?
b) signibcance with the matrix element weights ?

|N |!l dHD(CI)(O)

N :
Lo = " T HD(a) L ven = ! IMup (¢, )(|)|2
s et (00). -~ [Msm(i)]?
a) likelihood ratio based b) likelihood ratio based

on 1-dim. distribution on matrix elements

S7
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Step 1. generation of events

feynrules/madgraph madevent pythia
Lagrangian

hard sc. Matrix Parton-level Showering/

Elements Events Hadronization

A B C

ME+matching approach handmade code 9€/Phe

(validated with aMC@NLO .o ctor-leve Selection Detector
+ parton shower) selected everl Resolution

L(p1,p2,...)

|I9A3]-uoipey

procedure

E D

Input parameters:

A. model+proc_card mg5.dat D. delphes card.dat, delphes_trigger.d

B. run_card.dat, param_card.dat E. g > 7 GeV, |y|<7 Ge\(python code)
C. pythia card.dat
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Step 2: distributions of events w.r.t. discriminant

a) 1-dimension distributions:

MadAnalysigeads the event Ples and build histograms with respect
to each variablé! 1,!5,!", mj, m.)

0.06 . . .

Sm 0-75 T T T
HD, ca=0 sm
0.05 - HD, ca=0.5 - . 0.7 HD, ca=0
7 N\i,  HD, ca=0.7 ' HD, ca=0.5 - .
. HD, ca=1.0 0.65 =, HD, ca=0.7 - A
. 06 |5 HD, ca=1.0

0.04

0.55 |
0.5
0.45
04
0.35 |
0.3

0.03

0.02

0.01 ¢

0.21 -
02 .

0.19 |7
0.18 | X
017 |
0.16 |

0.7
0.65 1
0.6
0.55 ¢
05 .
0.45 | ';:g:.g;“
0.15 r 0.4 -

0.14 | A, <ty 0.35 |
0.13 | N /R N AT 03 |

0.12 | e A 0.25 |
011 1 1 1 1 1 1 1 02
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Step 2: distributions of events w.r.t. discriminant

b) MEM-based distributions:

MEM weightset W(x,y) = ! (z — y)
(inPnite resolution on lepton kinematics)

2 Dhb(c =0.3) |:|
P XISM) | 1M ey ()12 2 o o £
’ & 03}
2 s
P(X HD) | M HD (X) E 02y N
the calculation of the MEM S I I I B
weights is straightforward "0 02 04 06 08 1
(madgraph standalohe , 03 Tn——
S o4l Dgyy (0
distribution of events w.r.t the é 03+
ratio of the weights £ 02l .
: M 20y ' 1 S ol e e
D (X) — 1 I ‘ HD ’2( ) % 0.1 .......... I e
Msu[?(x) o= =
0 0.2 0.4 0.6 0.8 1
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Step 3. generate pseudo-experiments

| 1M pseudo-experiments with=10 eventsunder each
assumptions (SM of HD)

Two options: (1) generate a I0/1C events for each assumptionsSLOW

(2) generate the kinematic variables of interest

according to the previous distributions FAST

For each pseudo-experiment, the likelihood functions can be evaluate

11 d" HD( cr ) .
LO _ IN !HD(C| (O) L _ N |MHD(Cg)(I)|2
- MEM — .
 ow dd%M (O1).  [Msu ()2
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Step 4. estimate the signibcance

[% 0.1 .
S HD(c =0.5) ]
~ SM il
£ 08! S
(D)
Q ---_
> dsm.1/2 i
s 006t T
U |
- .;! _ n
3 I I
S 0.04 ¢ “ii | _ ]
S AR !
S 002 g :
© i 1
LL 0 = - - | |
-15 -10 5 0 5 10
g=InL

SignibPcancestimated by calculating tleediangsm,1/ 2 of the SM distribution and

by counting thdraction of pseudo-experimenia the HD distribution with
< 0sm,1/2

This fraction = expecteg-valueassociated with the test akjecting
hypothesis HDOf the SM hypothesis is realized.
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p-value

Step 4. estimate the signibcance

0.1 il
0.01
LmoXL d(l-cos q_XLcos &
0.001 ¢t [P—
_ Lcos g
[ Lcos )

|||||||||||||||||
||||||||||||||||
|||||||||||||
||||||||||||
||||||||||||||
|||||||||||||
|||||||||||||
||||||||||||||
||||||||||||
|||||||||||
||||||||||
|||||||||||
|||||||||||||||||||||||||||||||||

i ": PA et al, 2013

0 0.2 0.4 0.6 0.8 1

The optimal signibcanas reached with the
MEM-basedikelihood approach
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tt + scalar boson at the LHC with the MEM
P.A. P.de Aquino, F. Maltoni, O. Mattelaer

102 — ! ! T T T
n \'s= 8 TeV

| 1 1111l

“(pp! H+X) [pb]

102 = . | | R . .
80 1(|)o 200 300 400 1000 W+*W-b b b b Pnal state
M, [GeV]

2) Challenging backgrounds:
1) The production rate is small

NLO prediction @ LHC:

3 TeV 14 TeV ! _cdomlqlianato_rial bfa(r:]kgtr)o_und |

0.137 pb  0.632 pb (identibcation of the b-jets comin
from the scalar boson)

| tt+ jets
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Decay channels

g

““‘ yi y‘.‘l __»»4_-"'_
Al H e t H e

)
“ 2 2 f‘_’.-"'-] ._.____‘"'-f:

single-leptorPnal state di-leptonPnal state

Q:Is the discriminating power In th&-leptonchannel
higheror lessthan the one in thesemi-leptonchannel ?
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Step 1. event generation

feynrules/madgraph madevent pythia

hard sc. Matrix Parton-level Showering/

Lagrangian

Elements Events Hadronization

L(p1,p2,...)

Id JUBAS
|I9A3]-uoipey

ME+matching approach C++ code delphe C
- detector-leve Selection Detector
(@MC@NLO also ava”able)selected even procedure Resolution

| Leptons Pr > 20 GeV andij[ < 2.4 process incl. o | efficiency o i
| Jetsanti-k with R=0.5 , P > 30 Ge\| tth, single-lepton | 111 fb 0.0485 5.37 fb
and h| < 2.5 tth, di-lepton | 17.7fb| 0.0359 |0.634 fb
. . tt+jets, single-lepton | 256 pb |0.463 x 1072 | 119 fb
I - b
! Atleast 4 b-jets required tE+jets, di-lepton |40.9 pb|0.168 x 10~2| 6.89 fb
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Step 1. event generation

feynrules/madgraph madevent pythia

hard sc. Matrix Parton-level Showering/

Lagrangian

Elements Events Hadronization

L(p1,p2,...)

Id JUBAS
|I9A3]-uoipey

ME+matching approach C++ code >
: _ : Detector
(aMC@NLO also available) 9etector-leve Selection .
selected even procedure Resolution

single-lepton:'S/B ~ 1/22
di-lepton:  S/B ~ 1/11

| Leptons Pr > 20 GeV andij[ < 2.4 process incl. o | efficiency o i
| Jetsanti-k with R=0.5 , P > 30 Ge\| tth, single-lepton | 111 fb 0.0485 5.37 fb
and h| < 2.5 tth, di-lepton | 17.7fb| 0.0359 ]0.634 fb
. . tt+jets, single-lepton | 256 pb |0.463 x 10~3] 119 fb
I - b
! Atleast 4 b-jets required tE+jets, di-lepton  |40.9 pb|0.168 x 10~3| 6.89 fb
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Step 11: event distributions w.r.t. MEM discriminan

0.4 " signal events (Dg) 1 | | ‘ o
[ bg. events (Dg) i - ~
e di! lepton channe |
0 .. e B B 5% _» 0.6
: 0.4 | ..
0.2 - . single! lepton channel - 05 o et
. f |/ _~dil lepton, cuton D ——
0 o i T O o 2 o Lsingle! lepton, cuton D -
0 0.2 04 DO.6 0.8 1 0 02 04 | 06 08 1
b

. P(x|B) 't
Left-hand plotdistributions of events with respect tB(x) = 1+ P(()>((||S))

Right-hand plossignal vs. background efPciencies resulting from a cut ona>D

B > dilepton-channel is cleaner, more manageable combinatorial backgro
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Step IV:signibPcance

(7))

= 0.14 . . . .

O di-lepton, S+B ]
% 0.12 | di-lepton, B-only 11111
% 0.1 ¢ 32 fiyl

S 008 IB.12

D

g 0.06 t R o

8 S T T

S 0.04 ¢ RN Aunls n 1
c FAREERE L

g "7 it [
r O -

6 8 10

Test conbdence level irjecting S+Bypothesisf B-onlyhypothesis isealized
| compute Up 1/2 = median of the B-only distribution

| estimate the p-value as the faction of events in the S+B distribution

satisfying < Qg 1/ 2
| C.L.=1-p 69
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Step IV:signibPcance

| Rescale the signal cross section by a faptor  such that S+B is excluded at 9

100

| | |
di! lepton channel

single! lepton channel -----

10

Ny
Ny
ol
-
~
L}
L
L]
L]
o
L
L |
L
..
L]

L

> 4 8 16 32 64
luminosity (fb' 1)
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MEM versus counting

| Redo the analysis with a likelihood that is based on the
number of events

R _ Pois(s+ bjso + k)
counting pois(bbo)

with s, o the expected number of signal and background events

| Also consider the effect c0% systematic uncertainties om b
(=the expected number of background events):

This can be done by smearing the value ght¢cording to a log-
normal distribution (mean=4)std=0.2k) before drawing the number

of background events according to a Poisson distribution in each
pseudo-experiment
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MEM versus counting

(II $ = | | l l _
: ( 1942-<|EFE :

I ( 1942-#<!,/50-.0G - - - - -

| (1942-#<!,/50-.0G<!I$"HI50, -+ i

1 ( — _
:.( L= * # o e et e mm e e m e e e e e e renan e enanneranns 3

d

-
~
-
-~
-~
-
-~
1] -
-~
11 ~
f— L ]
~
-
-~
~
-
-~
~
~
-~
-~
..
-~

$ % ' (& A$ &%
958.0/3.-@!B1®

Already a 20% uncertainty on bampers the counting analysis
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Other applications of the MEM

| VBF scalar boson productianR. Anderson, C. Englert, M. Spannowsky 012
| Characterization of a scalar bosenBolognesi et al 012

| b-charge identibcatiofedalia, Isidori, Maltoni, Perez, Selvaggi, Soreq O12

| Stops searche’ Van Mulders et al.

| ZO searches Basegmez, G. Bruno

| Differential weightA. Pin, O. Mattelaer
| ...
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Conclusion

| I discussed several aspects of etrix Element method
| The use of MEM to establishfarmal maximum signibcance

| The inclusion obeyond leading-order correctioria the depbnition of
the weights,

! The practical evaluatioof the MEM welghts.
| | presented threeexamples of application

| myp reconstruction

| Higgs characterization

| Search for ttH
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