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Introduction

Dark matter (DM) presence supported by overwhelming
observational evidence

Main motivation for developing theories beyond the Standard
Model (SM) of particle physics

Typical paradigm: dark matter is made of weakly interacting
massive particles (WIMPs)

Might make it possible to observe it at collider experiments: In
particular at the Large Hadron Collider

Phenomenology discussed in detail by Reuven Balkin
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This talk

* In this talk, rather than focussing on the phenomenology, I'll
present some work into making the predictions for DM at
colliders (and its background) fast and precise






The need for precision

The LHC is delivering highly accurate data, entering a high-
precision phase. Measurements at the percent-level are
available for many observables/processes

Full exploitation of data needs a very good understanding of
the underlying theory, and reduction of theory systematics.
Quest for better approximations, new computational frameworks,
new generations of multi-purpose tools

Indirect constraints on new-physics models only through
excellent control of SM backgrounds at the differential level

Extraction of fundamental SM parameters with unprecedented
accuracy combining precise data and predictions



The need for preetsron accuracy

The LHC is delivering highly accurate data, entering a high-
precision phase. Measurements at the percent-level are
available for many observables/processes

Full exploitation of data needs a very good understanding of
the underlying theory, and reduction of theory systematics.
Quest for better approximations, new computational frameworks,
new generations of multi-purpose tools

Indirect constraints on new-physics models only through
excellent control of SM backgrounds at the differential level

Extraction of fundamental SM parameters with unprecedented
accuracy combining precise data and predictions



Accuracy

* To improve the accuracy of the simulations and predictions one
can include higher order corrections in the coupling constant

» At the LHC, the dominant corrections are from the expansion
in the strong coupling, leading to corrections that can be of the
order of 5-50% or so

* Hence, mandatory for a decent description of the data

* Readily available for both SM backgrounds and BSM
simplified models, e.g., using the NLOCT and
MadGraph5 aMC@NLO packages

» Corrections in the electroweak (EW) coupling are typically
smaller
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MadGraph5_aMC@NLO

MadGraphS aMC@NLO

http://amcatnlo.cern.ch

J.Alwall, RF, S.Frixione, V.Hirschi, F.Maltoni, O.Mattelaer,
D.Pagani, H-S.Shao, T.Stelzer, P.Torrielli, M.Zaro (2014, 2018)

* One code to conquer all... ;-)
 Modular structure:
* Use MadGraph5 for LO and steering

« MadFKS for factoring out infrared
singularities

« MadLoop for the virtual corrections

« aMC@NLO for matching to the parton
shower

e Latest news:

NLO automation has been extended to
the EW coupling as well
[arXiv:1804.10017]



EW corrections?

* For example: consider di-jet production
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2

(@

NLO; NLO2 NLO3; NLO;

° "Is a bit of a misnomer:

NLO2 and NLO3 part of a "mixed" expansion

« "Complete-NLO" takes all the LO and NLO
contributions in the mixed coupling expansion
iInto account

For example: NLO»
has both "QCD" and
"EW" contributions

10



Available in the SM

RE S.Frixione, V.Hirschi, D.Pagani, H-S.Shao, M.Zaro (2018)
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Next step: apply these corrections also to Dark Matter
processes (both signal and backgrounds)
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Fast

 Simulations are slow

* Most time-consuming part is the "detector simulation”
~ several minutes per event (i.e., a single collision)

* Typically 1-10s of millions of events per process needed
(and even 100s of millions for the main SM processes)

 Lots of time spend for optimisation — not much to gain
anymore in the detector simulation

 Huge computer farms (and the LHC GRID!) are a must
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Events

 \What are "events"?

* Most naively: the phase-space point (i.e., momenta of all
particles) in the numerical integration (Monte Carlo)

* This means that each event comes with a weight: the value of
the matrix elements, partonic luminosity, phase-space
Jacobian, efc.

* At LO, these weights are all positive and bounded. Hence, one
can unweight the events

» Keep events randomly, based on their relative weight
 Removes the weight of the events

e Reduces the number of events to the absolute minimum,
without reducing the statistical precision
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Events at NLO

* At NLO the weights are not bounded and not positive
definite

* However, with some tricks based on all-order
resummation of soft/collinear radiation, they can
become bounded, but not positive definite

* Hence, unweighting is possible, up to a sign:
weights are %1

* In practice, sometimes many negative weights. Can be
up to ~40%
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Multiple of number of events needed for
similar statistical significance as compared to

Many more events needed when
fraction of negative weights goes bad
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« Alarge number of negative weights makes predictions unsuitable
for phenomenology: computational cost is too large
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Origin of negative weights

Next-to-Leading Order
Leading Order

NNLO and beyond
— >vvw + évvw + O(as?)
+ anything

Virtual Real-emission

corrections corrections

* Schematically...

/ can be negative

do> Vet — oy |B+V + /dcblB QR

dO_H—event - d(I)B+1 [R— B @R}

can be larger than R
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Reducing negative weights

This integral is done using Monte Carlo methods (together with the
phase-space integration over the ®z). However, nothing prevents us
to throw more points here for a single ®s phase-space point. This
reduces fluctuations, resulting in a more-positive integrand

\

do™> eVt — o |[B+V + /dCI)lB QR

dO_H-eVth — dq)B—l—l [R — B® R} <7

This whole term can be multiplied by an arbitrary O(as) contribution,
which dampens this contribution (as long as it doesn’t hamper all-
order resummation terms). The difference with the original formula
can be added to the S-event contribution.
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Reduction

 First results are promising

* Reduction in number of negatively weighted events often
more than a factor 5

* This makes predictions a lot faster, since many fewer
events need to be generated to have the same statistical
power

* No modification in any of the physics. All differences with
standard simulations are well within the uncertainty
estimates
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Conclusions

Automated calculations for EW corrections to any SM collider
processes now available

Next step is to apply them in analyses for Dark Matter
searches at colliders

Modifications of the basic simulation formulae reduces the
number of negatively weighted event

Same statistical power with less events!
* Huge reduction in computational cost

« Some simulations no longer 'impossible’, but rather '‘can do'
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