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Dark matter about 5x more
abundant than visible matter

Inferred from astrophysical
observations, like gravitational
lensing or rotational curves
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Many other open questions in
cosmology and particle physics, like

Matter-antimatter asymmetry

Hierarchy problem (weakness of
gravity, fine tuning at level 10°)

Dark sector could hold the answer
to some of these, depending on the
theory

Probing it at colliders!

10,000,000,001

michaelgstrauss.com

10,000,000,000

quantumdiaries.org



Multltude of partlcles'?l -

_Multitude of |nteract|ons’7 &

\\




The “simplest” case: a dark photon A’ o' (o 6", gu)

Dark photons searches at BaBar

Y
Dark
A sector
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2 /J The LHC can prodive:
\| - Highest energies

- Unprecedented luminosities

- General purpose detectors and
specialized experiments
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How do Higgs bosons decay
according to the Standard Model?

Higgs boson discovery, CERN, 2012

vy (0.2%),
Zy (0.2%),
Hp (0.02%)

Higgs boson gives rest mass to elementary particles.
Predicted in 60s, discovered 2012

Combination of all Higgs analyses currently allows an

upper limit of 16% for new, unknown particles as
decay products

— Motivates search for decay to dark matter particles
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CMS uses Particle Flow
reconstruction:

- “Follow” the path of a particle
through the detector

Match deposits between
subdetector

For each particle use
subdetector with best
E/momentum measurement
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Disappearing Higgses (“Higgs portal”) cmis

Events / GeV

Dark matter, by definition,
does not interact with the
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Disappearing Higgses (“Higgs portal”)

/ ogy(H)

=0
obs

B(H = inv)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

-

14.9 b (7 TeV), 19.7 fb™* (8 TeV), 140 fb™' (13 TeV
I

axlll|||IIMIII||||I]ll|||||ll|Hll||l|l

I I I
CMS 95% CL upper limits
—®— Observed
- ©- Median expected
- 68% expected
|:| 95% expected

T

026 (0.30) 49 (032

0.21 (0.18)

0.18 (0.10)

Combined
VBF-tag
VH-tag
ttH-tag
ggH-tag

Combination of different
production mechanisms gives
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Missing transverse energy
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S .| CMS Experiment at the LHC, CERN

Data recorded: 2018-Jul-14 21:03:24 EDT

O

Run / Event / LS: 319639 / 1418428259 / 986
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Energy frontier

Probing the heaviest communicators between the visible
and dark sector

' MET,

| pt =1691.82 GeV
eta=0
phi = 1.726

Jet,

pt = 1665.5 GeV
eta = 0.081

phi = -1.377



Standard Model backgrounds in dark matter searches

4
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= i processes to constrain backgrounds
z W )
Pretending to not see photons &
q/g qlg
W(tv)+ets leptons to create a proxy for MET
Z(vv)+jets where lepton is
missed - 105 Monoet __ 187fb7},2016-2018 (13 TeV)
& CcMSs Background-only fit |
/ A = 10t B Z+jet :
g F I W +jet 1
constrain @ " o
102
4 10!
g 100
Al /r\~ 10-'L — H(inv), BR = 25%
— Axial, Mmeg = 2 TeV, my =1 GeV
w 102 I I I |
7 alg qle 102;1.25
// e %1.00
4 : %075
~ W(tv)+jets fors
\ / Z(%)+jets y+jets where lepton is Fo
‘ detected g Ea—T 800 800 1000 1200 7400

PP (GeV)



-1
137 fb~1, 2016-2018 (13 TeV) CMs 137 fb™" (13 TeV)

-35
< Ty 1000 = 10 VAR T
% 1400l Vector mediator P 2 g ___ Vector mediator, Dirac DM — LUX
o -0.25 -1.0 & 1 = - Jq = 0.25, dom = 1.0
= 9q=0.20,0y=1. y 1 o < 10-37 —— Panda-X Il |
> / g §10%F | — XenoniT 2018 anca
3 —— Median expected -0.667 = 2 DarkSide-50
E 12000 gge expected 4 § 1 5 2 — Cresstill
95% expected g E = 10-%9 CDMSlite |
1000~ — QObserved ; N -10.333 = g
v o c
g g o
800 3 : — = 1041 -
| ' oA 0.000 & g 10
' ! g = — \
600 O g %1043 L Comparison with i
N -0.333 3 ) direct detection
400 ' 0 . )
. : X B
Pl b 1074}
f ! : -0.667
200} ; i @
: d Spin independent 90% CL
B _ 10—l
500 1500 2000 2500 _ so00 000 10 10 10 10 v
Mimes (GeV) Mow (GeV)

mono-jet



137 fb~1, 2016-2018 (13 TeV)
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A particle net to tag heavy resonance

Background efficiency

4 (13 TeV)
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CMS at the forefront of accelerating machine
learning-based solution in high energy physics

ParticleNet = current state-of-the-art in jet tagging

Jet constituents as graph

Edges dynamically determined in the latent space

Large edge over ATLAS

CMS expected upper limit
on VH(cc): 7.8

ATLAS: 31 Il

Is as if Run-2 lasted 16 times

longer for CMS

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet
Expected 19.0
Observed 13.9

oL
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Observed 18.3

1L
Expected 11.5
Observed 19.1

2L
Expected 14.3
Observed 20.4

1381 (13 Te

Ccms

T T
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»»»»» Median expected
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..... 95% expected

25 30 35 40

95% CL limit on T



Back-to-back topology between MET and jets
Interesting, therefore kept
Easy to analyze

MET and jet aligned
Uninteresting (multijet background), thus discarded
Coming from mismeasurement of one jet ... or does it?



Semivisible jets — a dark version of the strong force

dark dark

Ne =2 Nf =2 Dark

BR (Z' = x7) sector

4 parameters: Mz My, Finy, Xdark

Semivisible jets search

Dijet search

Invisible fraction

= | 0 SKEIE Badrans
e # of hadrons

Dark showering process after leptophobic Z' — q,q,
Some dark hadrons stable — Visible states interspersed with dark hadrons

E1".“$S aligned with jets, not back-to-back — mono-X searches not sensitive

Traditional jet quality cuts not sufficient; custom filters to eliminate dead cells that create fake
MET



Semivisible jets — a dark version of the strong force < BT
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Dark Matter

Extra Dimensions.

Ecited
Fermions

Hoavy
Fermions

Heavy Gauge Bosons.

Overview of CMS EXO results
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Bandwidth 2 rate ® size/evt

100 KHz 1 KHz
l MB/evt
40 MHz High-Level Offline ‘
trigger reconstruction
. L1 trigger
- Computing fime
1 ns 1 us 100 ms 1s
| | 1 |
1 1 1 ™
latency constraint latency AND . throughput
throughput constraint constraint

Limited bandwidth and disk space — cannot afford to
save the full detector information for every event to disk

Two-tiered trigger system in place to discard events in
real-time (L1, on dedicated hardware) or almost-real-time
(HLT, in software)

New physics

Selected data

Energy (GeV)

What if new physics is hiding below
trigger threshold?

— Change event content to
accommodate lower thresholds

— Save only coarse HLT information
in “Scouting” datastream

Only Hardware L1 trigger constraints;
HLT pass-through; 100 fb™"



137 fb”' (standard triggers) and 96.6 fb™" (scouting triggers) (13 TeV)
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Taking it to the extreme (i.e., below the Y) CMS Proliminary A —

3._ 105
5 o — Observed
< r ----Expected
g . . X i (3
Fully exploiting Scouting data by selecting T 4L E;;‘;
events with two muons p_ > 4 GeV (very V)
o
SOft! ) L e CMS Preliminary 6137 (13 TeV) "2 i
g ik Signal + Background Fit ’>2\10'1 E
Hantification i : -l -
Novel MVA muon identification increases : _ g f
e a |-
sensitivity by 30% , | | -
w 2 3 4 5 6 7 8
. g V
- Track quality m,, [GeV]
- Isolation i ol More sensitive than LHCb or
- Vertex informaton ™ R BaBar with “2"d-grade” data <
. . . L . CMS Prelimi 96.6 b~ (13 TeV)
Fit to dimuon mass distribution: % oy .

- signal: double Crystal Ball + Gaussian,
- background: empirical functions (e.g.
polynomial times exponential)
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Why long-lived particles are tricky

CMS was not designed to look
for displaced new physics

Reconstruction algorithms,
cylindrical geometry, trigger, all
designed assuming particles
emerge from the collision point

. ceil electron e
Looking like they’re coming fL Y
from primary vertex 5 3

= muon £

diséppearing or

displaced kinked tracks
multitrack vertices | v
P non-pointing
Q) e (converted) photons
"

: emerging jets
lepton-jets, or

lepton pairs

.

e <
displaced leptons, =7 i A\

trackless,
i low-EMF jets

quasi-stable

charged particles
multitrack vertices in the S F{

muon spectrometer

.

Not coming: from PV!

/ Displaced leptons

o 005 010
L P P P



Inelastic Dark Matter with displaced muons Oﬁ;‘agm' matrix e'em‘;“ dominating
1 2

Two dark matter states with small mass gap coupled via dark
photon. Depending on Am,.: no direct detection (“inelastic”) N
n

B*m,my
2(m, +mn)

Heavier DM (x,) has long lifetime due to small mass splitting
— Pair of soft displaced muons overlapping with MET (from )

(my)*

ct < (AmA g ; target Tmm - 1000mm range
DM

102 F

Soft + displaced!

103
w

1074 F

LSND Dec

05

EA=0.1, ap=0.1
0.01 0.05 0.10 0.50 1 5
my, [GeV]

Highly constrained by beam-dump experiments for < 1 GeV



Inelastic Dark Matter with displaced muons

Two dark matter states with small mass gap coupled via dark
photon. Depending on Am,.: no direct detection (“inelastic”)

Heavier DM (x,) has long lifetime due to small mass splitting

cr ¢ " :target 1mm - 1000mm range

Soft + displaced!

o —_
o] e N

Muon reconstruction efficiency

o o
'S o
I T T T | T I [ | T T

=
S

o

Dedicated muon
reconstruction using only

— Pair of soft displaced muons overlapping with MET (from x,) ~ muon system

\ (13 TeV

— T T
_CMS . + Standard reconstruction
I~ Simulation

~

+ Displaced reconstruction
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C A/m,=40%

— Mix of ct (Xz): .
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I End of muon detector
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Inelastic Dark Matter with displaced muons M = 3my

Categorize by number of displaced muons that

Events per SR category

0-match 1-match | 2-match
Pred. 12+06 | 05+0.3 | 0.5+0.3
Obs. 2 0 0

4 567810

20

30 40
m, [GeV]

First such search at a hadron collider!

. . . CMS 138 fb' (13 TeV)
match in direction to a standard muon s r=oim 10
S s
- Fewer matches — larger displacement £ = 1
§ 10°
. . [ ] [ " 10—1
- Use kinematics, isolation, displacement >
) 107 .
parameter to both suppress and estimate 19
background (mostly QCD) 10k -
10—9 1 104

Ogses oL (PP = A" = %, X)) Blx, = x, w* w’) [pb]
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HL-LHC

EYETS 136 Tev BEC 13.6- 14 TeV
13 TeV - - energy
Diodes Consolidation

Splceconsoldation cryolimit LIU Installation ) . c
7 TeV _ﬂ’_v_. button collimators interaction . ' inner triplet HL: LH(_:
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
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5 to 7.5 x nominal Lumi

Al ATLAS - CMS
- upgrade phase 1 ATLAS - CMS

HL upgrade

nominal Lumi

2 x nominal Lumi ALICE - LHCb A 2 x nominal Lumi
"
upgrade

m integrated [EIRIRES
luminosity EINVIRLM



LHC : ‘ HL-LHC

13.6 TeV 13.6 - 14 TeV

13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation ) _ HL-LH
7 TeV 8 TeV button collimators interaction s ) inner triplet = C
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

| 2020 ez | 2000 zes | enes | eoer | anes | zoes [l

5 to 7.5 x nominal Lumi
ATLAS - CMS
upgrade phase 1 ATLAS - CMS

HL upgrade
ALICE - LHCb
upgrade




Run-3 as testbe(d/nch)

Use Run-3 to develop program for HL-LHC
- Test new analysis strategies
- Build the hardware to be installed during LS3
- Write reconstruction algorithms for new detector/environment

3.5 T T
We are here HL-LHC CMS 1 2023 (13.6 TeV): <> = 48
l a0l ] 2022 (13.6 TeV): <p> = 46
—_——— -
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Phase-Il upgrade: replacement of CMS endcap instrumentation (— very
congested region) with a novel detector

Let’s talk about our needs:
expensive endcaps «———

\ Superior shower reconstruction

cheap endcap

N ey —
“1> Low Price | WFZ

A

A
=

$ 398

Current endcaps only
designed for < 500 fb™

Dose to HGC, 3000fb™
. 1e+07

250
1e+06

haag 100000 _.
= )
£ <)
s, 150 10000 o
o« 3

100 1000 ©

50 H p— 100
0 10
550 -500 -450 -400 -350 -300
CMS FLUKA geometry v.3.7.2.0 Z[cm]

1 Gy = 1 Joule/kilogram




Dose to HGC, 3000fb™
. 1e+07

Phase-Il upgrade: replacement of CMS endcap instrumentation (— very 250 [L ron0s
congested region) with a Highly Granular Calorimeter (“HGCal”) - 1:;000
E 150 | 10000 E
What silicon has to offer: 3 g
100 1000 ©

Radiation hardness o Withstand extreme exposure g e 1 <
Fast response ~ Good pileup rejection capabity "
-550 -500 -450 -400 -350 -300
CMS FLUKA geometry v.3.7.2.0 Z[cm] /
0 v J 1 Gy = 1 Joule/kilogram
Can be finely segmented < Superior shower reconstruction

Limit between
300 p and 200 p
sensors

Outer Radius

Current endcaps only
designed for < 500 fb™

Highly Granular Calorimeter
(“HGCal”) Silicon wafer




Both Endcaps Silicon

/4~
/4-,
4
Area ~620 m2 Unprecedented fine /A
. 0000 segmentation in 5D (x,y,z,E.,t) /
Channel Size 0.5-1.2 cm2 il

___________________________________________________________________________________________ g sy

# Channels ~6 M %L‘a e,
""""""""""""""""""""""""""""""""""""""""""""""""""""" ‘ ~10}

# Modules ~27000 i f

Op. Temp. -30 C fisiebe

Al (autoencoder) helps at visual inspection of sensors

Encoder Decoder
1@2720 x 3840 u
@68 x 240 ; i ;
Z 2@17x24 Confusion matrix for yvh‘olt-; images
Vi i
o i}
2@34 x 48 T L 2 80
“s
64@272 x 480 Latent space: 16@17 x 24 o =
o
= 60
S
2
Input image Autoencoder output Difference o |
3 S —40
3 i
° i
(G g .
' g —-20
e |
P " —0
Normal Anomalous
Predicted class




How dark sectors will gain

Anything vector boson fusion or
vector boson scattering happens in
that region!

Forward jets

q

VBF H
VBF HH H

— Dark
VBS sector

-
ES

LEERS EEARN EREEN RS RN R [RULIEN BRI L
® Run2

= With HGC, 0 PU

A With HGC, 200 PU

VBF jet n distribution (a.u.)

 CMS Phase-2

[— Simulation Preliminary
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1.5<9n<3.0
—s crucial for success of
LHC physics program

Efficiency for quarks

Highly segmented detector allows for superb
quark-gluon discrimination

__14Tev

——
1~ CMS Phase-2 Simulation —

0.8
0.6

0.4

Jet shape BDT
0217 Dijet BDT
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L S S S BRI
0 0.2 0.4 0.6 0.8
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Efficiency for gluons




Coming back to this

'T\ Low, deterministic latency

New physics

Selected data

100 KHz 1 KHz

! //// r ”’“”“’
y /L% 40 MH High-Level Offline
- 2 trigger reconstruction
Energy (GeV) U trigger
A

Computing fime
What if new physics resides below even L1 1 ns 1 b IO(Z ms ].s
threshold? 1 1 1 —
latency constraint latency AND throughput
throughput constraint constraint

Can we make the hardware detect interesting
events through Al?



Hardware and Al melt together

A3D3 institute https://a3d3.ai/
o ! ! T T T T
9. FPGA/ASIC |
% . 11BNy B
i -®
© 1077 |
[+
.g) CPU/GPU
£10% |
5 LHC HLT
o
(‘;) 10‘3 : ‘ |
10" - |
LHCLIT ' puN
109 |
Neuro,
107} o |
IceCube @ Netflix 4K UHD
! | | L ; i

10* 102 100 102 10* 108

Latency requirement [s]

The problem clearly is the low time (microseconds)
available at L1 to look at the events

Yet, data intensity (>= Google) asks for Al-based
solutions

FPGAs not very easy to work with ... )
hls4ml to the rescue

hls_model.compile()

hls_model = hls4ml.converters.convert_from_keras_model(

X = np.random.rand(1, 28, 28, 1)

retury yoke interspersed
with Miion chambers

TRACKING
174 FPGAs MUONS:.
96 FPGAs & ps
IIIIIII m [esssnssnnnnnnnnnnnnnnnnnnnnnnfons
PARTICLE
FLOW:
E 66 FPGAs
= o
Trigger
qccept/reject

model2,
hls_config=hls_config,
output_dir=output_dir,
backend=backend,
io_type=io_type,

Keras

1F TensorFlow

O PyTorch



How can we fit this on that?

N

Model quantization

Article | Published: 21 June 2021

Automatic heterogeneous quantization of deep neural

N networks for low-latency inference on the edge for 32bit — 8bit
particle detectors 1/2 memory
Claudionor N. Coelho Jr, Aki Kuusela, Shan Li, Hao Zhuang, Jennifer Ngadiuba, Thea Klaeboe Aarrestad 20X |eSS poWer

&, Vladimir Loncar, Maurizio Pierini, Adrian Alan Pol & Sioni Summers

Nature Machine Intelligence 3, 675-686 (2021) | Cite this article

before pruning after pruning

Teacher Model
(large neural network)

O

Model distillation

pruning
synapses

1

%—'
o

neurons




How dark sectors will gain

CMS Phase-2 Simulation Preliminary 14 TeV, 200 PU

2 1E
5
§ r hls 4 ml compact network
s | _
ci0’'y
i) F
8 too big for FPGA ..
= L 5]
T —— b-tag NN (AUC = 0.801) 2
O, | £
5 ' 5
s E /& e Large GRU (AUC = 0.811) -

I 5

1 P S T R T T T
0 0.2 0.4 0.6 0.8 1
b jet efficiency

Al on FPGAs will result in (an excerpt):

- higher yield in true Higgs boson (bb) events

- Better object reconstruction
— better MET resolution

CMS &= m, =150GeV
e my =300GeV
\ m, = 400 GeV
100 § \ theory uncertainty
10 |
1
/ 2HDM+a, h — bb
sind=0.35,tang =1, m, =10GeV, ma = my = my-
0. F  solid (dashed) lines: observed (expected) limit at 95% CL
Unc. band: +1 std. dev. on exp. limit

-
- S
~—

35.9fb ' (13 TeV)

s m, =250GeV
my = 350 GeV
m, = 500 GeV

800 1000
ma (GeV)

200 400 600

1200 1400 1600
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CMS simulation Preliminary

Reconstruction with Al

Predicted Truth
PU=0 PU=0
6M readout channels — traditional s i
algorithms fail il ; S ’
ai ‘ # ',(/ ' o
End-to-end neural networks to e ST |
perform ML-driven particle
reconstruction based on hits GravNet
Graph neural networks with 8 s S x(cm) %, z(em) & x(om) %, 2(em)
efficient KNN aggregation in -0
latent space O Fux Object condensation
4 5 1__—1_.__
Physics-inspired loss functions \ : S oesk T .
to promote single hits around which other hits W 08 Training T e :
cluster and predict E/type of incident particles 0.85- data
0.8F" | — Condensation Never seen
e Outperforms classical ParticleFlow 0.75E
—— Baseline PF
e Excellent extrapolation (adaptation) 07E-
properties R T T Ta R RO

particles per event




Disentangling up to 10,000 particles

Q) (5) (&) (=

i vl

PARTICLE AND NUCLEAR | RESEARCH UPDATE

Deep leaming identifies head-on collisions in LHC data

23 Jun 2022

Relying on transformers (same as
ChatCPT) to “translate” a sequence
with up to 10,000 particles (a
sentence with up to 10,000 words)

— Need to use sparse attention

Developing a novel pileup mitigation
algorithm that predicts if a neutral particle
comes from primary vertex or not

— Replacing PUPPI as standard PU mitigation

0.30 CHS (6= —0.1+42.0)

Z(vv)+jets PUPPI (6= — 0.0 +16.1)
<npy > =140 PUMA (6 = 0.0 + 13.0)
<npy> =0 (6=0.0%8.6)

14
IN)
&

et
N
o

Outperforming PUPPI
at <n, > =140

Norm. to unit area
(o
=
w

(=]
=
o

0.05

0.00

-100 -75 -50 ~25 0 25 50 75 100
miss, gen

pRiE® - pTE= " (GeV)
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Anomaly detection for model-independent searches,

arge-r

e Exotic substructure or radiation patterns are
common for BSM physics

Challenge: Risk of being (mis-)guided by specific
signal; need to be model-agnostic & data-driven.

Solution: Base selection on SM jets veto — anomaly detection
based on ML to learn what SM jets look like

. Reconstructed
Input - Ideally they ar/e identical. input
X R X
Probabilistic Encoder
94(2x)
Mean " Sampled
— latent vector
Probilistic
> | > Decoder !
po(x|2)
Std. dev
= An compressed low dimensional
zZ=p+o0e representation of the input.
e~N(0,I)

Train variational autoencoder (VAE) on QCD
jets obtained from orthogonal control region

output pr (GeV)

output pr (GeV)

— X
Zw physics?

&0

500

400 -

300 -

200 -

100 -

ol
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400
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100

-100 |

s —
X T

SM QCD di-jet

My = 3TeV, Mg = 400 GeV J;

ol ol . 5
1%t jet constituent st jet constituent 8™ jet constituent
[ lin. corr. = 0.996 wo} lin. corr.& 0.780 “[ lin. corr(= 0.606
! 3 v % 2 ’
W 5=l W 87w
|
& ol &
s 2*r
2 .l g
3 d 2
[ 10 ‘
ob 4
10555 00 Mo o @0 20 @0 = & & = 0 i ° 1 2 » o » o
input pr (GeV) input pr (GeV) input pr (GeV)
| 1%t jet constituent o} 5% jet constituent w gt jet constituent
L lin. corr. = 0.999 e« lin. corr. & 0.818 lin. corr.
I S ol s
QCD s .| QCD ¢ | QCD
L - & g
2wl =
- g " £
m 3 *r 3 or
0}
of 0
L s i s L n " . L . n L n n L .
-100 0 100 200 300 400 500 0 2 40 60 o 1o 2 E ©
input pr (GeV) input pr (GeV) input pr (GeV)

Worse reconstruction for BSM processes



Conclusion

CMS operates & develops at the energy, intensity, and lifetime
frontiers

Pushing both software and hardware (and the merger of both) to
the limits

This allows for a rich search program for dark physics
The path towards the HL-LHC is pretty clear

If you're interested, come by our ETP offices at CN and CS
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