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Outlook

 Dark Matter: status of the art of searches at colliders
 The quest for strongly-coupled Dark Matter
* Novel experimental signatures to probe

* Novel techniques to search for DM and new physics



The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

Numerous questions cannot find an
explanation in the SM framework

 Can we fit gravity in the SM?

» Why are there three generations?

QUARKS

« What is the origin of particle mass hierarchy?

» Why do matter and antimatter behave
differently?
 What is Dark Matter made of?
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What about Dark Matter?
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What’s Dark Matter nature?

Gravitational lensing



Beyond the Standard Mode|

Standard Model of Elementary Particles
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DM quest - Experimental landscape

Direct detection Indirect detection Particle colliders
- DM-nucleon scattering - DM annihilation products - Direct production of DM



DM quest - Theory landscape

lllustration by Sandbox Studio, Chicago with Ana Kova



DM Quest - Where do we stand

CMS Preliminary

95% CL exclusions

Observed Moeq =2 Mpy

Expected Q. h?=0.12

Boosted dijet (77 fb™)
Phys. Rev. D 100 (2019) 112007

Dijet w/ btag (19.7 fo'")
Phys. Rev. Lett. 120 (2018) 201801

Dijet w/ISRj (18.3 fb™)
Phys. Lett. B 805 (2020) 135448

Dijet (35.9-137 fb™)
JHEP 08 (2018) 130
JHEP 05 (2020) 033

DM + j/V(qq) (137 fb™
JHEP 11 (2021) 153

WIMPs widely excluded. Need for:
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Axial-vector mediator

Dirac DM
DM +y (35.9 fb™)
JHEP 02 (2019) 074

DM + Z(ll) (137 fb™)
Eur. Phys. J. C 81 (2021) 13
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Novel theoretical models



Whnat it DM is hiding in a Hidden Valley?
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| ooking for DM In a Hidden Valley
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. Hidden Valleys very weakly coupled to the SM
Hidden Valleys: ys very y coup

Class of theories predicting an Hidden
Sector secluded from the SM Pletora of possibilities!

What makes the Hidden Sector?

Here focus on Strongly coupled Hidden Sectors
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trongly coupled Hidden S
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ne quest for DM at particle colliders
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The Large Hadron Collider
« 27 Km circumference

« Proton-proton collisions at a
centre of mass energy of 14 TeV



The quest for DM at particle colliders
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Compact Muon Solenoid
(CMS) experiment

Riin / Event / LS: 324747 / 415131150 / 275

; d e ISR Q|
' ' oy 399 w‘
iy " ‘ lgs’ W \ CMS CMS Experimment at the LHC, CERN
' "',\"‘;'(',. /:,"\ ‘ ‘\’“' X LAl X \‘m "~ Data recorded 2018-Oct-16 14 18:51 574976 GMT

The Large Hadron Collider
« 27 Km circumference

— —

« Proton-proton collisions at a
centre of mass energy of 14 TeV \



How can we see quarks”?

/ Jet
// _
initial

quarks

Quarks confined into hadrons by strong interaction:

Jet

proton proton

Jet

cannot be observed directly

give rise to a jet of collimated hadrons




How can we see Invisible particles?

CMS Experiment at LHC, CERN

Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event; 204553 / 26729384

Lumi section: 31
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Momentum carried out by invisible particles RS \
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Semivisible Jets

Semivisible Jets (SVJs) are an exotic signature arising in
a class of strongly coupled Hidden Sectors

Dark quarks hadronise in the dark sector ( ) C ..
. Detectable hadrons Semivisible

Unstable dark mesons decay to visible particles P Jet
Undetectable hadrons
remain invisible
Challenging experimental signature:

Partially visible jets of particles (Semivisible jets)

Missing momentum collinear to visible jets

roton /
N / Semivisible

Jet




How much invisible”
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The jet topology spans from fully
visible to fully invisible based on the
ratio between stable and unstable
dark bound states

r. =

<N stable dark hadrons >
N dark hadrons

SM-like




Why it’s so interesting?

QMS Simulation Preliminary (13 TeVL)
% 1 | | —ch[> sl,ignal (mdarl=2o GeVl,
>S5 tt r.,=0.3, (xdark=ocg:f:) .
P 4 [ W(lv)+jets --m,, = 2100 GeV B
© 10 —Z(vv)+jets - -m,, = 3100 GeV ]
= --m, = 4100 GeV
@ 102¢
Unexplored territory: o5k
SVJs data data lay in a region ol
discarded by common searches
o 05 1 15 2. 25 3

Overwhelming instrumental
background ( )

Complex event topology

.| CMS Experiment at LHC, CERN
; Data recorded: Fri Oct 5 20:41:32 2012 CEST
s| Run/Event: 204553 / 26729384

\ Z Lumi section: 31
8

Jet 0,

et =921.98
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phi = 2.508




Diving Into the et

Look inside the jet

affects the hadronization process

CMS Simulation Preliminary (13 TeV)
[ | [ ] ] ] ] [ m L | | | | | | | | | | ! | | | | | | | | —]
Dedicated algorithms enable investigation of dark jets £ 0 gaco  signaim,, - 20Gev. ;
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CMS-EXO-19-020



Reconstruct the mediator

Arbitrary units

If dark quarks are produced in a resonant model, we can:

(@approximately) And exploit
from visible jets and MET
Rt = MET/MT
M7 = MZ +2 (/M2 + p2. . .pl™ss — P i - prtss o
T = My jj 7 Pr,j;PT PTjj PT
CMS simulation Supplementary (13 TeV) CMS Simulation Preliminary (13 TeV)
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VWWide phase space coverage

o CMS —— 138 f|b1 (13 Tev) CMS Preliminary 137 b (13 TeV)
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Expanding the territory ...

... to novel, uncovered sighatures with leptons
or photons within the SVJs
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Eur. Phys. J. C 82, 793 (2022) - C.Cazzaniga, A.de Cosa

Le p-t O n - e n ri C h ed S\/LJ S Eur. Phys. J. C 83, 599 (2023) - H. Beauchesne, C. Cazzaniga,

A. de Cosa, C. Doglioni, T. Fitschen, G. Grilli di Cortona, Z. Zhou

Novel signature: MET alignhed to jets

with prompt, non-isolated leptons
Original SVJs models do not allow

decays to leptons (leptophbic Z’ portal) Tau tinal state: additional MET
from neutrinos

New models including decays to
leptons:

SV)t

SVJ¢: democratic decay to leptons

allows by double messanger model
(Z’ plus A’

SVJr7: enhanced decay to 3rd
lepton generation

Sensitivity of existing searches very
limited to SVJ models with leptons



http://A.de

dentifving SVJL and SVJrt

Experimental handles: inter-isolation and di-lepton mass A~ = e
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|dentifying SVJL and SVJz

=

SVJr are harder to catch due to decay _ N Lz
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138 b (13 TeV)

'E - - Theoretical
& 10 > - = = Expected (Hadronic SVJ search)
m § Se 0 e Expected (Leptonic SVJ)
m = R S R 30
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S\/J Eur. Phys. J. C 84,1223 (2024)- C.Cazzaniga, A. Russo., E.Sitti;, A. de Cosa

ISOCURVES FOR BR, = BR;,,4 = 0.5
Dark and SM sectors communicate

= | | | — qule(iV_z 1
via a Z’ boson and a pseudo scalar ALP 10!} higher BR, (Mz=1TeV) |
10-2 L,>T, |77 ar=oa e |
Dark bound states can decay to SM quarks, y or remain sl > o R vk |
— | igher
stable Lo \
. . . . . . @10—5; R t’.\\
Signature: hadronic jet with photons and missing 5
momentum aligned al
1077
10°8
strange |charm |
107 102 101 100 101 107 10
BR.. BR, m. (GeV)

Effective couplings

oo _Alav Ay
=g «— al T =
q -2\4[23, B ,7725311\4[1;

BR,,, and BR, can be tuned

Allowing large coverage of signature space




nefficiency of standard searches
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photons emulating jets rejects misindentified jets




SVJy tagaing algorithm

Ad-hoc identification algorithm for SVJy
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Opening the way to discover SVJ

Removing standard identification requirements, and

using a dedicated selection a

Run 2: 138 fb™' (13 TeV)

discover SVJy already with Ru

Theoretical (SVJy)
....... Expected (SVJy Tagger)
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Complexity of Dark QCD

s-channel - <N stable dark hadrons >
N dark hadrons

rinv

/ p r‘
BR (Z
(Z' = apmdpm) . —» Y

q / o
qDM /

gd /Q%d dark strong
1 x i coupling

my, qD&\ o

q \ :

OpM +«—&q




A step forward finding new physics

. diséppearing or
displaced kinked tracks
multitrack vertices : /

% non-pointing
\ | .=~ (converted) photons

. Y
W /N5
displaced leptons, / v
lepton-jets, or ‘
Dark QCD can be as complex as SM QCD lepton pairs =

emerging jets

Dark showers phenomenology depends on
unknown parameters (Nc, Nr, A1, m

trackless,
) . low-EMF jets

ﬂ , H E N
dark quasi-stable

: _ charged particles
Large parameter space to cover multitrack vertices in the =R
muon spectrometer

Traditional strategies: Target specific model / /

Optimal sensitivity to targeted signal

Low or null sensitivity to different signatures Change perspective

Move the focus on known physics!

Make no/few assumptions about new
physics




Anomaly detection

Train a neural network (Autoencoder) to learn compressing
and decompressing data minimising reconstruction error

(e.9. MSE) between input and output Independent on background modelling

Lx)=|]g(f(x)) —x]|| Agnostic about the signal

Training on SM data

Identify new physics as anomalies

A

F--m============== Autoencoder """""""""I
O [ e 5[ -... Neural network ..-"| | :
i} g ] bt :
i o I [ ISMjets
0 i 1 SVijets
| r
| r
‘ i
: ' ' —
0 Input: Real Data - SM jets Encoder Decoder Output: Reconstructed Data - SM jets i
I- I HE B = = =N = &= = N BN N N N BN N N NN EE e Il N l - In

X g(f(x)) Output put




Autoencoder aemo

Input: Real Data Output: Reconstructed Data

Video from Jeremi Niedziela




Paving the way for discovery

First investigation of AE application to SVJs
gave promising results

Use high level features from jets internal
structure

107"

Fraction of jets

—h
<
N

Ordinary
jets

Anomalous .

jets u—LrLI_
|||||||||||||||||||||W||

Dark jets

Background jets

0 0.05

0.1 0.15 0.2

0.25 0.3

Loss (Output,input)

m,, (TeV)

A. de Cosa et al, “Autoencoders for Semivisible jet
detection”
JHEP Vol 2022. 74 (2022)

BDT AE

0.736 0.702

0.3 0.5 0.7 0.3 0.5 0.7

rinv rinv

AUC (Area Under the Curve): the higher the better




Shortcomings of standard AES

When trained on complex objects, such as 11

AE tends to generalise

Training / background
phase space

out-of-distribution (OOD) data

reconstructed as well as training ones.

Critical loss in performance

OOD -

N

Low reconstruction

error phase space

Reconstruction error is not a good metric

CMS Simulation Preliminary
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The Normalised AE

We want to ensure matching between training data and

Define probability distribution p, so that regions 1
with low reco error £, have high probability po () = Qo exp (—Eq(2))
Define reconstruction error as system Energy (£)
Loss designed to learn py,=p,...:
Ly = 'Eagrvpda,ta [EQ (CU)] — ﬂﬂ?’wpg [EQ (37/)] Training/backgrourm | \ Training/backgrourm‘ | \
positive energy 4 negative energy E_ Signal dat:

k Low reconstruction error J k Low reconstruction error j

2NAE first introduced in arXiv:2105.05735 and used in HEP in arXiv:2206.14225




The Normalised AE

With Loss depending on £_ — £_, where £ __ is the reco. error of the training
data, Signal SVJ reconstruction is efficiently suppressed

CMS Simulation Preliminary CMS Simulation Preliminary
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INntroducing the Welsserstein distance

How to determine best number of epochs in a fully agnostic way?

loss function: use Wasserstein distance between

X~ p,..and x' ~ p, (Energy Mover’s Distance) to measure distance between background and AE
probability distributions

CMS Simulation Preliminary (13 TeV)
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WNAE performance

The WNAE achieves sensible improvement compared to the standard AE

Standard AE WNAE

CMS Simulation Preliminary CMS Simulation Preliminary (13 TeV)
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Conclusions

Dark Matter might be less conventional that we think
Huge phenomenology still to investigate

Novel models (and signatures) to probe

Novel techniques to use
Investigation of QCD-like DM still at the dawn

Model agnostic techniques might be the keystone for finding new physics
Not limited to QCD-like DM

Multitude of applications!




Additional material




10" - !

Artificial pTmiss due to instrumental backgrounds o zeur:;f;blejets |
Traditional data quality filters not sufficient for SVJ search
Custom filtering algorithm developed to cope with i
 Additional “cold” ECAL cells causing artificial pTmiss 5

« Remaining signal from direct deposits on APD (spikes) rather than : | : 1 Simulation |

in the crystals in the gap regions (|n|~1.3) o 1‘ _H_\_L"ZL LI_:

: f Ao

ECAL hot spots




|_epton-enriched SVJs

New models including decays to leptons:

SVJ¢: democratic decay to leptons sm ,
allows by double messanger model
(Z’ plus A’)
dsm
PARAMETER DESCRIPTION BENCHMARK SVJ[

M 5. Z' pole mass 1.5-5 TeV

Eeff v effective mixing 0.03 J

Tinv invisible fraction 0.3, 0.5, 0.7

A, dark confinement scale 5 GeV

M. [ Ay pseudo-scalar mass ratio 1.6

Table 1 Signal model parameterization.




