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Motivation

So far no “smoking gun” type signal for new
physics has been observed at the LHC

New physics may manifest itself in small
deviations from the SM predictions

» Need for precise theory predictions

How do we observe small deviations ;
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Motivation

» Traditional approach:

Study various distributions of different cross
sections and search for deviations

Drawback:

Which distribution should we use ?
Different distributions may have different sensitivities
to different SM extensions

= Alternative approach:

Matrix Element Method (MEM)

-> Given a theory model, method allows to calculate likelihood
to observe an event sample
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MEM In a nutshell

[Kondo 88,91]
The differential cross section Model parameter (Ols, 11;...)

I B )
A0 (®) = 5| M (@, p1,..,pa) "dR,

IS a measure for the probability to observe an event in the infinitesimal

phase space region
dR . | do(®
. TP(X®) = (@)

/ Gt(ﬁ)dxl...dxr

(P, Pn)
(i)

Given an event sample £ = {{pgi), .oy Pn’ }im1..n} itis possible
to calculate the model dependent likelihood to observe this sample:

L(@,E) < [T;|M(®,p\,.... 0 )
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The matrix element method in a nutshell

- Multivariate method with a solid foundation in statistics

Applications:
» Signal-background discrimination

= New physics searches

» Maximum likelihood parameter extraction

Unbiased estimator if do is “the true probability distribution”
[DO: Nature 429, 638-642, CDF: PRD 50, 2966]
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Matrix element method — transfer functions

In real life situation slightly more complicate:

» \We observe hadrons and not partons modeled with
» No perfect detector transfer functions

- Need cross section differential in hadronic variables
including detector effects

do / do

= [dy;...dyy W(X,y

a’xl...x,, dyl...yg ( )
Transfer function, probability to

observe a partonic event x as
hadronic event y in the detector

—~>nharrow gaussians for leptonic variables and angles, ....
not a conceptual problem, but a potential limitation because of finite computer resources

for simplicity assume o-functions in the following
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Summary MEM

Powerful multivariate method with a clean
statistical interpretation

However:

So far most applications rely on LO matrix elements

- Estimator for model parameter is in general biased,
calibration required which leads to additional uncertainties

—> Not sufficient to search for small deviations from the SM
(calibration is not an option...)
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Outline

- v
= MEM@NLO accuracy

= Validation

= Applications

= Summary/Conclusion
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MEM@NLO

Steps towards MEM@NLO:

s Effect of real radiation [Awall, Freitas, Mattelaer 11]

» Final states without strongly interacting
partides [Campbell,Giele, Williams '12] [Campbell, Ellis, Giele, Williams *13]

» First step towards final states with
strongly interacting particles [campbellGiele, Wiliams '13]

» General algorithm for arbitrary
processes using a modified jet algorithm  martini,pu '15]

= Formal solution for arbitrary jet
algorithms no proof of concept [Baumeister, weinzierl “17]

= Approach for arbitrary jet algorithms with

prOOf Of Concept [Martini, PU, to appear] (related Work [Figy, Giele 18])
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MEM@NLO

What needs to be done:

* [ntegrate out in an efficient way unresolved
real emission

= | eft over variables must match the Born
kKinematics Ji

Strictly speaking not much more than
choosing the right variables, calculate the
jacobian and some combinatorics to
identify the relevant phase space
regions...
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MEM@NLO

Fully differential event weight in NLO:

doxto(J1,J, -y Jn) =

VdR,(J, . T + /1 Ro-+1dRy11(P1,y - -+, Pn)

Need factorization of the form
an—lrl(pla . o 7pn+1) — an(Jl(n—H), ‘o ,Jr(ln_H)) X dP

to allow integration over all unresolved phase space regions

However: (1) (1) ()
]in _]l-n (pl,. .. 7pn—|—1) < ]l-n = D;

AV

momenta Ji(") and Ji(”H) satisfy different |

Kinematics, pointwise combination non-trivial| *

Peter Uwer (HU Berlin) | The Matrix Element Method @ NLO | HP2 2018 Freiburg, 03.10.2018 | 11




MEM@NLO

Two different approaches:

o Modify recombination procedure such that the
clustered jets satisfy the Born kinematics

(use for example a 3->2 recombination procedure inspired by
Catani-Seymour subtraction procedure)

Universal approach, allows to use the “Born variables” as a
subset of the variables used to describe the real corrections,
requires however that the new recombination procedure is
also applied in the experimental analysis

To describe the differential cross section use

variables which do not distinguish between real and
virtual corrections eg. do not allow to reconstruct the
jet masses

e.g. d'pd(p;—mi) = b ~dp;dndOdES(p; — m;)
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MEM@NLO

Both approaches allow a factorization of the phase space:

dR,(p1,...,p,) = cdx; ...dx,

an—H(pla ce 7pn+1) =dx;...dx, @dd,,

The differential cross section is than given by

doNLO |
—cV),+ Z / AD; R, 1 " Rivergoncen s rauies)
dx;...dx, ~ /G,

Sum runs over all unresolved regions G;, phase space
parameterization depends on region
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MEM@NLO

Remarks:

» The fact that the variables must be insensitive to the jet masses
can also be understood as a conseqguence of IR safety

= Approach allows point wise combination of real and virtual
corrections (different from conventional parton level MC’s)

= Point-wise combination may simplify numerical integration since
problems at bin boundaries are avoided [Figy, Giele '18]

= As long as perturbation theory works: positive weights!

= Possibility to generate un-weighted events according to the NLO
Cross section

Peter Uwer (HU Berlin) | The Matrix Element Method @ NLO | HP2 2018 Freiburg, 03.10.2018 | 14




Validation

Use aforementioned phase space parametrisation and compare
with results obtained from conventional Monte Carlo program
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Quality of the test to find potential problems
Use as test case single top-quark production where the MEM
has been used recently to observe s-channel production [ATLAS ‘17]

Allows to test initial state as well as final state radiation with
colored partons in the final state
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Conventional phase space parameterization vs.
factorized parameterization

— 7 [Martini, PU"17]
s-channel single top pp — tj, Vs= 13 TeV, conventional PS +——
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- Perfect agreement within statistical uncertainties
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Conventional phase space parameterization vs.

factorized parameterization
O
(o
&\ | s-channel single top pp—1j, Vs=13TeV, | | conventional PS +—— | ’
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- Perfect agreement within statistical uncertainties
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Validation: Generation of un-weighted jet events

Differential weight

dOoNLO
=c, / dd,
dxy...dx, ¢ +zi" G; Ko

can be used to generate un-weighted jet events parameterized using
variables X1. ..., Xy

To generate events use von Neumann
*facceptance and rejection” approach

Peter Uwer (HU Berlin) | The Matrix Element Method @ NLO | HP2 2018 Freiburg, 03.10.2018 | 18




d(TNI"G

ﬂ'NLndEj

1

pull

Normalized distributions fro

m un-weighted events [martini, PU*17]

10 | t-channel single top pp — tj. ¥s=13TeV. | | conventional PS +—— |
5 exclusive kts_2-Alg. (min. spectator infl.), ggrierated E"'Eﬂt_s *'*'f’
L | P~ > ydeut =30 GeV, Inl <3.5 S T [ S e N

(modified jet
algorithm, 3->2
recombination)

0 500 1000 1500 2000 2500
E; [GeV]
- Perfect agreement with conventional MC
Peter Uwer (HU Berlin) | The Matrix Element Method @ NLO | HP2 2018 Freiburg, 03.10.2018 | 19




20
lor

pull

—lo
-2

(S S S S——

Normalized distributions from un-weighted events

conventional PS —+— _
generated events -+

..............

exclusive ktz—j-Alg.,

j t-channel single top pp — tj. Vs =13 TeV,

pt > Jdeut =30 GeV, Iyl <3.5

[ SRR SR

I Y | ) | k | ) | . |

p-val=0.99, x> =048 +

_

0 500

2500

1000 1500 2000

E;[GeV]

- Perfect agreement with conventional MC

[Martini,PU]

traditional

221

. {recombination

Peter Uwer (HU Berlin) | The Matrix Element Method @ NLO | HP2 2018 Freiburg, 03.10.2018 | 20




Application: Top-quark mass from single top events

e, 4
N PER

To analyze method simulate measurement:

Generate un-weighted a Apply MEM@LO, MEM@NLO
events (NLO accuracy) to extract top-quark mass

Check consistency

N

B0y = | | 2P 0E=

i=1

( 1 )” ﬁdoNLD({u}

o-NLO( ()

dX;
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Application: Top-quark mass from single top events

s-channel, 322
N S N N S
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recombination [Martini, PU '17]
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Application:
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Summary and Outlook

Summary:

= Two methods for MEM@NLO

= Allows generating of un-weighted jet events according to NLO
Cross sections

Sizeable shifts in extracted parameters using NLO instead of LO
MEM@NLO required to obtain reliable estimates of uncertainties
Parton shower does not change the picture

Outlook:

» Improve handling of IR divergences (slicing =2 FKS)
= Apply to other interesting signal processes
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Backup
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Backup: smin-(in)dependence
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|| s-channel single top pp — tj, s =13 TeV, .
0.12 ~ exclusive kt-Algorithm,

pt > oyt = 30 GeV, [gl < 3.5

=
I

1j
Small difference for distributions relying on angles
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