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@ What are Soft Unclustered Energy Patterns (SUEP)
e VH — SUEP
@ Simulation, Observables and Analysis

@ Towards Unsupervised Machine Learning
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Hidden Valley Models (HVM)

@ Dark Gauge Group under which SM particles are not charged
@ New, light hidden Sector particles not charged under SM

@ Production and decay portals through higher dimensional operators
with various UV completions possible

@ Phenomenologically interesting: electroweak hierarchy, dark matter,
matter-antimatter asymmetry and origin of neutrino masses
[Knapen et al., 2021]

@ Theoretically motivated: HVM arise in many top-down approaches,
consistent with various popular solutions to the hierarchy problem
[Strassler and Zurek, 2007]
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Soft Unclustered Energy Patterns

@ SUEP signatures are a subset of dark shower signatures can arise
when the gauge group of the HVMs is confining.
[Knapen et al., 2017, Knapen et al., 2021].

@ SUEP-like event: pp — S + X, where S is a high multiplicity state of
SM hadrons with an isotropic distribution of momenta and X is some
other SM state associated to the SUEP production
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How can they lead to SUEP?

SUEP ingredients:

@ Models with a confining gauge group — Dark partons will undergo
showering (Dark Shower) and Hadronize

@ Quasi-conformal in energy range Q-A, where Q is the hard scale of
the production event and A is the confining scale of the HVM.

° Large t Hooft coupling (A > 1) — parton momentum fraction
X~ 5 democratlc distribution of dark parton momenta

Average mu|t|p||C|ty ~ %

If % > 1 — high multiplicity + x <« 1 = SUEP! This can be described by
a thermal distribution [Knapen et al., 2017]:

jﬁiwexp( \V p? —i—m/T) (1)

where T ~ A.
Hadronization depends more on the details of the model, but in general

m ~ T. Details of hadronization are large source of uncertainty.
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Higgs— SUEP in VH

@ Triggering for SUEP in general challenging

@ Higgs production mode is highly motivated, take advantage of VH for
triggering

e Production: Effective operator Oproduction = |H|?0?F ¢ where N >> 1
¢p is the lightest Dark Hadron

@ Decay: Gluon portal (not unique) Effective decay operators:
Odecay ~ GG¢D

and/or
Odecay ~ GG¢D

depending on if ¢p is a scalar or pseudo scalar.

@ ¢p decay into gluons giving an SM rich hadron final state.
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SUEP Cartoon

Our signal model is controled by Tpy and mpy
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Simulation Paramater Space

@ We look at a range of mp € [0.4,10] GeV with m—z € [0.5,4]
@ Used SUEP generator [Knapen 2018],

@ Magraph 5 with Pythia 8 for 2,3,4-jet Background. 2-jet BG was
dominant

@ Used Delphes Charged tracks for analysis
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Why Prompt SUEP?

Naively at these masses (mpy, < few GeV) the decay to high multiplicity
states would not be prompt.

o If the decay is prompt, mpy, £ 10GeV [Knapen et al., 2021] would
generate harder jets and so could be searched for be easier to find
using jet substructure techniques.

@ Non-prompt decay generates displaced vertices and/or Long Lived
SUEP

Our search’s sensitivity is based on using only the charged track
information. Maximally challenging scenario. Combining it with other
possible features of the signal will only enhance and/or broaden
sensitivity.
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Observables and conventional cuts

Considering Higgs VH cross sections, For Br(H — Dark) ~ 0.1, we need
Z—i ~ 1000
Used some conventional event level observables:

o Start by Using Ncharged, HT, Lepton momenta

Neharged Hr

00200 o010 — oo

=1GeV, To=05 Gev
=2GeV, To=1GeV.
25Gev

00175

0008
00150 =1GeV, To=2Gev.

00125

0005

00100

0004
00075

00050
0002

00025

00000

0000

Picking the right observables is important!
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Observables and conventional cuts

@ Added [Cesarotti and Thaler, 2020] Event Isotropy Z observable

@ Introduce interparticle distance matrix representation for events ,

ARy = /A¢y + Anj distance, and the average event level AR

= oo = oo

Mo=1GeV, T =05 Gev Mo =1GeV, To =05 Gev
16ev 14100 mo=2Gev, Ta=16Gev.
25Gev. 0 mo=5GeV, To=25GeV.

16Gev mp=1GeV, Ty =1Gev.
26ev 1210 mo=16Gev, Ta=2Gev.

Can do better using these observables, more on this in the next talk!
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Can we do better with simple supervised learning?

We can use a supervised modﬂfew layer perceptron) on higher level
observables (Ncparged, HT,Z, AR, lepton Pr)

Does well around model points where it's trained
Is not effective away from the (mpp, T) point on which it's trained.

Independent tuning for each training point in principle required

Good candidate for Unsupervised search since that will not depend
on knowledge of signal model-generation, tuning is independent of the
signal
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@ Further Theoretical model building always needed
@ Probe other regions of parameter space, including Long Lived SUEP

@ See next talk for more on unsupervised approach!
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Dark Shower Intuition+ Gluon Portal

@ Each splitting will have energy

@ Splitting finishes at
Q@
2Nﬁna/

Q/Vﬁna/ ~

o Average multiplicity is 2Niat ~ &
@ For large 't Hooft Coupling, the momentum fraction carried by each

' A
parton will x 0

Therefore, for a large enough scale separation % < 1, we get a high
multiplicity, democratic distribution of dark partons.
2 2 (%) 1

1 ~ Ly - *
L D) _Emaa - 87?‘336“,/(;# — ly¢Da¢D¢D

where a is a heavy elementary pseudo scalar.
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SUEP Observable Plots
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Figura: Average values of selected observables as a function of mp and Tp for
SUEP.

Aris Spourdalakis (University of Toronto) Spourdalakis Pheno 2021 May 24th 2021 2/3



Signal /BG efficiency requirements + Conventional Cut

numbers

JH,-ggsBr(H — Dark)es
OBGE€b

® OHiggs from W/Z+H is ~ 300fb, opg ~ 3000fb (2 jet sample).

@ We want enough signal to beat the background systematics which are
O(fewpercent)

o For Br(H — Dark) ~ 0.1, we need £ ~ 1000 background efficiency
of this cut on the post-trigger sample is 2.20%, while the signal
efficiency varies from 31.8% at mp = 0.4 GeV, Tp = 0.4 GeV to
1.1% at mp =5 GeV, Tp = 20 GeV.

Cutting on all the above observables for the post-trigger sample, yields
:Z ~ 14.4 at mp = 0.4 GeV, Tp = 0.4 whereas it's not effective for the

S
Q — —
B

other end of paramter space at mp =5 GeV, Tp = 20 GeV
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