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Standard Model of Particle Pnysics

Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)
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Dark Matter evidence

* Bullet Cluster

’

Galaxy rotation curve,

- -rotational velocity
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- dark matter
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What is Dark Matter made of?

Gravitational lensing
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Beyond the Standard Moae|

Standard Model of Elementary Particles
three generations of matter interactions | force carriers D a rk M atte r
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The quest for DM

Particle

Direct detection Indirect detection Particle colliders
» DM-nucleon scattering « DM annihilation products e Direct production of DM
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The energy frontier

Compact Muon Solenoid
(CMS) experiment

ol - '7“:

the Large Hadron-Colhder >

Y
\/ \'\’
-‘ “‘"1 "' Ql/v./‘

The Large Hadron Collider
¢ 27 Km circumference

o Proton-proton collisions at a

CMS

centre of mass energy of 14 TeV
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The high intensity challenge

CMS Experiment at the LHC, CERN
4 Data recorded: 2016-Oct-14 09:33:30.044032 GMT

Ya= | Run/Event/LS: 283171/95092595 / 195

New physics is very rare
 Rates ~ of magnitude lower
than most common SM processes

High collision rate increases probability to find new particles

o Just few containing interesting particles 100 overlapping collisions ( )
o Tens overlapping collisions in one snapshot B | oo, .t 1 s e

Run./ Event /LS:283171./ 142530805 /254",
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Particle puzzle
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High p; ey
High p; jets

High p; p

| |
Oom m
Key:
Muon

Electron

Charged Hadron (e.g. Pion)

-~ — = - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

| Electromagnetic
)I’ l' Calorimeter
y

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

Visible particles are reconstructed from tracks and energy
deposits in the detector

Information from all subdetectors are combined to create a
consistent set of reconstructed particles

D Bamaey, CERN, Febriry 2004




Particle puzzle: quarks

Jet .

proton

Jet

Quarks confined into hadrons by strong interaction:
« cannot be observed directly
e glveriseto a
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Particle puzzle: Invisiple particles

Invisible particles = not reconstructable

Momentum carried out by invisible particles quantified by
an energy imbalance (ptmiss) in the event collision products

Tnvisible

ay \ ;&'
‘ meiSS = — Z Pt
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Particle puzzle: Invisiple particles

Invisible particles = not reconstructable

Momentum carried out by invisible particles quantified by
an energy imbalance (ptmiss) in the event collision products

.| CMS Experiment at LHC, CERN
C S f| Data recorded: Fri Oct 5 20:41:32 2012 CEST
3| Run/Event: 204553 / 26729384
Lumi section: 31

Jet 0, ‘,“:“,‘:.:-.t‘;,‘_.‘
et =921.98 - %;‘is{s‘:\“‘\'li
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Missing momentum reconstructed from
all visible particles

e Genuine missing momentum from
neutrinos or new invisible particles

e Artificial missing momentum from
instrumental effects

Challenge: need good reconstruction
of visible particles




DM hvpotheses

\
/‘:\’O"L\ AXI'ON
WIMPs

Weakly Interacting
Massive Particles

lllustration by Sandbox Studio, Chicago with Ana Kova



DM searches at colliders

lllustration by Sandbox Studio, Chicago with Ana Kova ek 2000C|V|S Preliminary Moriond 2022
o . : P~ ' . B :

Exclusion at 95% CL
Vector mediator

Dirac DM Observed

—
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= = = = Expected

Boosted dijet (77 fb™)
[arXiv:1909.04114]

Dijet w/ btag (19.7 fb™)
[arXiv:1802.06149]

Dijet w/ ISR j (18.3 fb™)
[arXiv:1911.03761]
Dijet (35.9-137 fb™)
[arXiv:1806.00843]
[arXiv:1911.03947]

DM + j/V(qq) (137 fb™)
[arXiv:2107.13021]

(0]
o
o

Dark matter mass M ,,, [GeV]

a5/

DM + y (35.9 fb™)
[arXiv:1810.00196]

N
o
o

DM + Z(Il) (137 fb™)
[arXiv:2008.04735]

(=)
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Mediator mass M __, [GeV]

\~——_’

Most popular DM hypotheses, like
Weakly Interacting Massive Particles
(WIMPs), largely excluded

« Need to explore new models

« Use new experimental techniques

)
4ek al F‘\}'(
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Dark Matter in a Hidaen Valley

Standard Model of Elementary Particles

three generations of matter

(fermions)
I |
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interactions [ force carriers
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PORTAL

« DARK QUARKS

Dark Sector

'. DARK BOSONS




Dark QCD-like scenarios

In a Dark QCD-like scenario
o Dark sector confines below a confinement scale (Acdark) giving dark hadrons
e Dark quarks undergo rapid hadronization
« Dark hadrons decay to SM particles (at least in part) with potentially sizeable lifetime
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Dark QCD-like scenarios

In a Dark QCD-like scenario

o Dark sector confines below a confinement scale (Acdark) giving dark hadrons B ,,,,,,,,

e Dark quarks undergo rapid hadronization
« Dark hadrons decay to SM particles (at least in part) with potentially sizeable lifetime

Emerging Jet

LHC phenomenology very much dependent on model details

« Dynamic of dark sector shower define the phenomenology ‘ Detectable had
etectapie nadrons

» Can lead to semivisible jets or emerging jets signatures (if m_gark< Acdark< V/S)

i Undetectable hadrons
Signatures poorly or not at all explored

Semivisible Jet
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Particle Puzzle: Emerging jets

Electrically neutral dark quarks (Qpk)
o Self interacting within the dark sector via a
new QCD-like fundamental force

 Dark quarks bound into dark hadrons Qo
« SM-DS interaction mediated by a scalar bitundamental q
(Xpk) charged under both SM and dark QCD Xpk ,2*
g L% q
DM baryons as DM candidate >
\\\\\\\ q’
_ X%)K \\\\
q
Qb
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Particle Puzzle: Emerging jets

-
-
=
-
-

Electrically neutral dark quarks (Qpk)
o Self interacting within the dark sector via a
new QCD-like fundamental force

e Dark quarks bound into dark hadrons

—merging Jet

« SM-DS interaction mediated by a scalar bifundamental
(Xpk) charged under both SM and dark QCD

DM baryons as DM candidate o
) Xpk 2%
Emerging jets from dark shower g //,,«/' q
 Dark pion decay length define phenomenology \\\\ o
o EJ look like normal jets but contain multiple - R
displaced vertices from dark pion decays
Qb

Dark Pion decay length

1\ /2 * /1 2 /2 4
o ~ 80 mm (_4) ( GeV) ( OOMeV) ( GeV) (mXDK)
K anK mdown m TTDK 1 TeV
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Particle Puzzle: Emerging jets

Electrically neutral dark quarks (Qpk)
o Self interacting within the dark sector via a
new QCD-like fundamental force
e Dark quarks bound into dark hadrons

« SM-DS interaction mediated by a scalar bifundamental
(Xpk) charged under both SM and dark QCD

DM baryons as DM candidate

Emerging jets from dark shower
 Dark pion decay length define phenomenology
o EJ look like normal jets but contain multiple
displaced vertices from dark pion decays

Dark Pion decay length . . . .
Signature: 2 SM jets + 2 Emerging jets

N 1Y (2GeV\” (100MeV \? (2GeV /mxy \* .
crA80mm (7 ) |\ T —— (1TeV) Can have large prmissit cTrlarge
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cmerging |ets signature

CMS, || CMS Experiment at LHC, CERN
—%| Data recorded: Tue Sep 27 10:30:59 2016 EDT
y | Run/Event/LS: 281707 / 1308250303 / 826

MS CMS Experiment at LHC/ CERN
™ \ Data recorded: Tue Sep27 10:30:59 2
2 Run / Event/LS: 281707 / 13082503(

¢ B
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Emerging jets identification

EJ selection based on multiple displaced vertices identification E 1000
. — 500
e Transverse impact parameter (<IP2D)) of :

300
associated tracks correlated to dark meson 5 -
proper decay length 150

« Jet pT fraction associated to prompt tracks (ozp) 100
60
o 7 sets of selection requirements, addressing different models .
25
)
(13 TeV) (13 TeV)
o 0.5 L I L R B 10 SERRRRRRE ARRERRRRERERE BERREREREN RRRRERRRRN AR 2
2 o0u5E CMS —— QCD light jets E S - CMS —— QCD light jets -
2 = Simulation - - - - Dark pion mass 1 GeV ; 10= Simulation ct, =1mm = 1
§ 0'45_ -+ Dark pion mass 2 GeV ] E E """ Cct, =5 mm ;
CCD 0.35 <IP2D> — — Dark pion mass 5 GeV - 5 - a3D ---=-Ct, =25mm ]
kS 0_35_ ------ Dark pion mass 10 GeV __ S 1e. '_'_ zl:“w:?gomr:qm E
.§ 0.252— = E; ? """""" CT:::=300 mm if
0.2; 7 - 10~ = |
0.15F- —~ -
0.4 = 102
0.05 E -
0 e B O B B N YR Y RO Y: YT

log((IP,,) / 1cm) Oy
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CMS Simulation (m_ =5 GeV) (13 TeV)

400

600 800 1000 1250 1500 2000
m GeV
x| ]

Acceptance of selection
criteria ranges from few
% to 48% for massive
mediators

JHEP02(2019)179




cmerging |ets

16.1 b (13 TeV)

- (Observed limit

= Expected limit

==== Expected limit + 1o

400 600 800 1000 1200 1400 1600 1800 2000
my [GeV]
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—h
)
@

—h
)
N

95% CL upper limit on cross section [fb]

10

No significant excess observed over SM background
expectation

« DM mediators with mass between 400 and 1250 GeV
and dark pion decay lengths between 5 and 225 mm
excluded

« Weak dependence on dark pion mass

JHEP02(2019)179



Particle puzzle: Semivisiple jets

Dark quarks hadronise in the dark sector

« Unstable dark hadrons can decay to visible particles @ Dpetectable hadrons / Sem;VltSIble
e

o Stable ones will remain invisible to the detector Undetectable hadrons

Challenging experimental signature:

» Missing momentum collinear to visible jets

—

proton .
/
h /

-

;5% /
\ /

Jet
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Unexplored territory @ LHC

Semivisible jets data lay in a region
discarded by common searches

e Missing momentum collinear to
visible jet

» Overwhelming background

« Complex event topology

« Need suitable algorithms

to search for New Physics here

SCIAAMSAIIT

A. de Cosa-ETHZ



Unexplored territory @ LHC

, CMS Simulation Preliminary (13 TeV)

- - . e T T ] L I BRI =

Semivisible jets data lay in a region : —QGD signal (m,,,, = 20 GeV, -
tf rinv = 03’ O(‘dark = 0‘52?:)

discarded by common searches

—Z(vv)+jets --m, = 3100 GeV

e Missing momentum collinear to --m,, = 4100 GeV
-

1
W(lv)+jets - -m,, = 2100 GeV

arbitrary units
=

-.:'_?_;_:_

R
I'| F- 113 -

visible jet

» Overwhelming background
« Complex event topology
« Need suitable algorithms
to search for New Physics here

Multijet ~ =====.

Z(vv) + jets
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Interpretation framework

s-channel - <N stable dark hadrons >
: iny = N dark hadrons

= QDMQDM iny T

/ ~
\ \lnv E //( \\
: // \ \
; , \ \
: , \ \
qDV/ %%3 /! N |
 Ton —5a ___darkstrong g / S
5 coupling SFeTooT
a)r. =0 b)0<r_ <I c)r. =1
q 5
\\ A /// i SM'like
\\/\’///’ i
’ r
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Medqiator reconstruction

Multiiet @ =====.
In the s-channel we can access the JetTIIto

mediator

e Reconstruction of mediator mass from visible Z(vv) + jets

jets and ptmiss (resonant channel)
M+t has a better resolution than

M7 = M:; +2 (\/M]-Qj + P PP — DT -ﬁf?iss) M; endpoint at M.,

Mj(sets)  Mrlsets+erm=) 10 mass

CMS simuiflion Supplemexfary (13 TeV)
arXiv2112.11125 |
Signal

(M, =2.1TeV, m_, =20 GeV,

_ _ ~peak
My = 0.3, Xjark = a‘dark)

CMS simulation Supplementary (13 TeV)
I | ] I I 1 | I 1 1 I I I

10 ! 1
> arXiv:i2112.11125  Signal (m__ . =20 GeV,

3 . dark
10 —QCD r. =03, a, =o%

inv dark dark

[ . omg =2.1TeV Semivisible
10 ! W(lv)+jets --m, =3.1 TeV

—Z(vv)+jets =4, jets

—
<

—

<
N
I

Arbitrary units
Arbitrary units

—

<
w
l

o ﬂ 10°%¢ Falling AR
: ”ﬂ H j02p batkground i s
Y1 - T Y | lﬂ 10O, L o, gEdiE L Tl

Mass [TeV] m; [TeV]
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Background mitigation

. CMS Simulation Preliminary (13 TeV)
wn IEr""|""'|"!"I'."'I_";'—§I
Signal topology: At least 2 jets and large missing momentum S o0 Th ey
. oo _ > ; — W(lv)+jets - -m,. = 2100 GeV
» Reject multijet bkg: RT = prmiss/M7>0.15 o 11; ~2{v)fts -, =3100 Go
_ _é 10 E My = e
« Reject W(lv) and ¢t bkg: Lepton veto S g2

« Reject W(lv), Z(vv) and 11 bkg: A, (J; 5, p?iss) < 0.80 107

107*
1075 .
107 |
107k , :
. CMSpeimnay 1371 (13TeV) CMS Preliminary 137 b (13 TeV) o 01 02 03 04 05
dd _ = N L L L L I
S low-R; signal (M, =20 GeV, 3 I | high-R; signal (m,,, = 20 GeV, 1 RT
> 1 04 3 + aate rinv ] 03, Ocdark ; chz?k) q>.) i * data rinv = 03’ 0cdark = O(‘EZ?:)
o —9,(x) - -m; = 2100 GeV O 10%L —g.(x) --m,, = 2100 GeV i
© I X°/ Ny = 26.6 /40 - -m, = 3100 GeV S F X2/ N, =246/35 --m, = 3100 GeV E
S 10°E [Huncertainty [g (x)] --m, = 4100 GeV . = = M uncertainty [g,(x)] - -m, = 4100 GeV ]
O - Re) ' | - -
E T e 10 71 g 2 signal regions
c 10°F !, E = S : ]
: ) < IOW RT 1orh hlgh RT _ e low-Rt: 0.15<R1<0.25
10%‘ I-: -—::'T"-‘—— E E‘ I-:r.__‘--l:nhh_h_‘ ] °
L : ! '~ | * ] o hlgh-RTI RT>O.25
1;I_ I.‘:-r:rl :_ -I_I r } 1%_- I-..:- L: II |
- wjn T
10 Tt e L 10 Tl | st L U LT DTSR MUIt'Jet ::::::
T : = 2f :
1 s T e : L i [_nn
S _oF E © : E
R vy ToT T BT T v T Z(vv) + jets
o 2000 3000 4000 5000 6000 7000 8000 A 2000 3000 4000 5000 6000 7000 8000 J

My [GeV] M. [GeV]
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A ook Inside semivisiple

Look inside the jet

« Underlying interaction affects the hadronization process
» Dedicated algorithms enable investigation of dark jets Semivisible jets identification

algorithm

- CMS Simlulation Prle/iminary | | | (13 Te\/l) CMS Simulation Supplementary (13 TeV)
L L L L L n S L L L B L B AL BRI
= . —QCD signal (m,, = 3100 GeV, = - arXiv:i2112.11125  Signal (m,, = 3.1 TeV, . ) ) .
5 1L tt Foy = 0.3, 0t = 0foe) | 5 - —QCD My = 20 GeV, 0, = a22%) 1 CMS Simulation Preliminary (1 3 TeV)
> : W(iv)+jets --m,_, =1 GeV - >  1F tt -t =0.1 N 7)) 10F ~ * "~ T~~~ T T T T T T T T T
E C — Z(vv)+jets - -m,_, = 20 GeV © : W(lv)+jets ——rmv=0.3 ; by E : _ =
¥o " Jes--zdarﬁsocaZv = —Z(vv)+jets --r,, =05 - n WQCD . signal (mg,,, =20 (pifkv ’
E 10—1 =i --m,,, =100 GeV g 10_1 ..... [y = 0.7 i - : W(IV)"‘JetS |nv = O 3, Otdark adark) :
> 1L B Z(vv)+jets --m, = 2100 GeV _
i © et --m, = 3100 GeV E
10 102k : = - --m, = 4100 GeV :
s : 2 . i
10° 03 ) T 40 SMJets . Darkjets =
Jet mass : ; R
T S R U SR 4 1 : --.r'-_:::l- i
0 50 100 150 200 250 300 1070 01 02 03 04 05 06 1072 A St _
Msp(J; o) [GeV] gjet(JLz) -
CMS simuiation Supplementary (1 3 TeV) ]
(/)] S e e L = -
-"é' - arXivi2112.11125  Signal (m,, = 3.1 TeV 3 |
= —QCD Mo = 20 GeV, o = 02°%) ] 1 0_3 -
> 1 tt r.,=0.1 3 =
] : W(lV)+jetS - -rinv =03 . —— P L
% T —Z(vv)+ets 1., =05 i MUItUet o [
2 10_1 §I_-'__ u = 0 mE==== 1 0—4 ] ] ] | | ] | | |
HE Axis minor ; 0 0.2 0.4 0.6 0.8 1
-2 [ = . . . .
1025 Z00) + jets BDT discriminator (J; ,)
- TT:I'A- ]
10_35 i’_;.:..i.l_‘! L =
10—4 L T L L 17‘7 T “‘.. ;li1l||
0 0.05 0.1 0.15 0.2 O 25 0.3

Gmlnor(J1 2)
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Signal region

Jet Identifier proved to be

key to probe Semivisble Jets

o Improvement in sensitivity
by almost a factor 10

high-Rt2 SVJ

CMS 138 fb' (13 TeV)
o ' L

1 | 1 1 I I I 1 I I I I 1 1 I I I:
High-SVJ2 Signal (m,,, =20 GeV,
¢ Data Vv = 0.3, Xark = az::r)
_gz(x) ---m, = 2.1 TeV

X%/ Ny =103/14 --m, =3.1 TeV
© i INL EUncertainty [g ()] -my = 4.1 TeV

number of events
S
T

..........

Data-Fit

138 fb' (13 TeV)

95% CL upper limits
BDT-based

- — Observed

[ — Median expected

- - -68% expected

C ...95% expected
ry = 0.3, o

95% CL obs. upper limit on ¢ B [pb]

m,. [TeV]
137 o (13 TeV)
L A
BDT-based
— Theoretical 3
— Observed (") A
Expected (a'9") _
— Observed (o) 3
Expected (o/") -

CMS P

reliminary
I I I

95% CL upper limits
— Observed (a”)
- - Expected (a°°%)
) 68% expected
[[]95% expected
m,. =20GeV,r_ =0.3

o B [pb]

-
-~
-~
=
-~
-
-
-
—
S e
T —

i
-~ -~

1 | 1 1 | 1 1 | 1
2000 3000 4000

138 fb

(13 TeV)

95E/o CL upper limits
BDT-based

--95% expected

i _ . peak
Myai = 20 GeV, o, = o

Observed exclusions (maximum range)
©1.50<mz<5.10 TeV
¢ 0.01 <rjnv <0.77
e all Myark, Mdark Variations

A. de Cosa-ETHZ

CMS-EXO-19-020



Paving the way for discovery

Building new ways to look for DM
Experimental methods
« Model-independent approach: Anomaly detection with autoencoders
o Learns to compress and reconstruct data
e Trained on known physics (SM jets) to identify anomalous data
« Unsupervised learning

~
~

CMS Experiment at the LHC, CERN
g Data recorded: 2017-Oct-28 09:41:12.692992 GMT

Run / Event / LS: 305814 / 97108678684

... Neural network .-~

CMS Experiment at the LHC, CERN
g Data recorded: 2017-Oct-28 09:41:12.692992 GMT

Run / Event / LS: 305814 / 9710867884

Input

~
~

Output

L 4
~
~ -

Encoder Decoder

Input: Real Data - SM jets Output: Reconstructed Data - SM jets
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Autoencoder demo

- '

Input: Real Data Output: Reconstructed Data

Video from Jeremi Niedziela
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Paving the way for discovery

A. de Cosa et al, “Autoencoders for Semivisible jet detection”
Building new ways to look for DM JHEP Vol 2022, 74 (2022)

« Autoencoders trained on SM jets unable to reconstruct SV jets
o Training independent on background and signal modelling

BDT
Dark jets
10" =
0p) — .
D C Background jets
: -
o L S
s o
0 B s =
Q = 1 I- __ | N
- Normal Anomalous — [ _ _—LL
- jets jets LJ_I_I_LLF— ]
10—3 1 1 1 1 I 1 | | | | | | | | | | | | | | | | | | | | | | | ml 11 I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Loss (Output,Input)

0.3 0.5 0.7

inv inv
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Paving the way for discovery

Building nhew ways to look for DM

Theoretical predictions
P Example of simulated lepton-enriched dark jet

o Building consistent sets of benchmarks models (Green and red tracks indicate leptons)
» Expand to novel signatures with leptons or

neavy quark within the dark jets

Snowmass report from Dark Shower group: “Theory,
phenomenology, and experimental avenues for dark
showers: a Snowmass 2021 report”

Semivisible Jet Workshop
ETH Zurich, 5-7 July 2022 Picture from Cesare Cazzaniga (work in progress)
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Conclusions

Most obvious and accessible signatures have been explored

o Constraining the space of possibilities

Time to look into new, though more challenging possibilities
e Searching for DM at colliders is a multi-dim problem
« DM searches can benefit from new trigger, identification and
reconstruction strategies

Take the best out of this era of big data

LHC HL-LHC
| I
Run1 | | Run 2 | | Run 3
EVETS LS2 13.6 Tev  [RUAE 13.6 - 14 TeV
13 TeV — — - °new
T — Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation _ _ HL-LHC
7 TeV € button collimators interaction _ inner triplet i )
e —— R2E proj regions Civil Eng. P1-P5 pilot beam radiation limit installation
ject
Illllllm»
5to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS |/
beam pipes : : : : HL upgrade
nominal Lumi 2 X nominal '—U’TLI ALICE - LHCb : 2 x nominal Lumi

75% nominal Lumi I I/“ upgrade
I/m m integrated [EANUURIK
luminosity JEL[0R{ R
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Thank you

A.de Cosa-ETHZ
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lllustration by Sandbox Studio, Chicago with Ana Kova
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