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CMS uses Particle Flow
reconstruction:

Aimed at reconstructing each
particle individually

“Follow” the path of a particle
through the detector

Match deposits between
subdetectors

For each particle combine
subdetector information for best
E/momentum measurement
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The landscape of dark sector models
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The landscape of dark sector models

Invisible signatures Energy frontier
Simplified dark sectors
X | Fully visible signatures X Intensity frontier
Extended dark sectors
Long-lived signatures Lifetime frontier

Model Experimental signature Phase space

= multidimensional /
multifaceted search
programme
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Abstract
Astrophysical observations provide compelling evidence for gravitationally interacting

|dea: Summarize this dark sectors search program and draw

overall conclusions in a review paper (featuring over 40
results with data collected during LHC Run-2 2016-2018)
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How do Higgs bosons decay
according to the Standard Model?

cMms 138 fb~! (13 TeV)

® Observed [] £1s.d. (stat)
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Combination of all Higgs analyses currently allows an
upper limit of 15% for new, unknown particles as
decay products
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Nature 607, 60—68 (2022)

— Motivates search for decay to dark matter particles


https://www.nature.com/

Disappearing Higgs Bosons (“Higgs portal”)

Dark matter, by definition,
does not interact with the
detector

by \\ /sizable missing
&5 transverse energy (MET)

Characteristic signature:
Two jets very aligned
with beam (“forward”)

CMS 101 fb' (13 TeV)
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Statistical analysis of observed m,
spectra reveals no excess

— Obtained an 18% upper limit
for branching ratio H — invisible



Compact Muon Soanaic

CMS Experiment at the LHC, CERN
Data recorded: 2018-Jul-14 21:03:24 EDT

Run / Event / LS: 319639 / 1418428259 / 986

. MET,
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| eta=0
! phi = 1.726 q X
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dark matter
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Energy frontier

Jet,

pt = 1665.5 GeV
eta = 0.081

phi = -1.377



, pt = 1691.82 GeV
(i| Data recorded: 2018-Jul-14 21:03:24 EDT eta=0
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— | Run / Event / LS: 319639 / 1418428259 / 986

CMS CMS Experiment at the LHC, CERN MET,
—— \\\,
N

dark matter

C /

137 fb~1, 2016-2018 (13 TeV) a portal X

Background-only fit
B Z+jet
O W+jet
1 Other
¢ Data

Events / GeV

No excess &3

— H(inv), BR = 25%
— Axial, Mpeq =2 TeV, my =1 GeV

Energy frontier

B
£ 1.00
& 0.75 gk
8o. pt = 1665.5 GeV
2 eta = 0.081
] - el th s
g U | _—-_.— phi = -1.377
1]
52 400 600 800 1000 1200 1400

pmiss (GeV)



CM

137 fb~1, 2016-2018 (13 TeV)
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[ pt = 1691.82 GeV
{ Data recorded: 2018-Jul-14 21:03:24 EDT eta=0

x \\ phi = 1.726
‘ | Run / Event / LS: 319639 / 1418428259 / 986

CMS CMS Experiment at the LHC, CERN MET,
— \\\,
B

gluon/quark

top quark

Jet,

pt = 1665.5 GeV
eta = 0.081

phi = -1.377

Jet tagging with deep learning techniques
(graph neural networks, transformers)



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

1.000

V)

mpy (G

1000~

800

600

1200}~

——TT 7

© 1400 Vector mediator

9q=0.25,9,=1.0
—— Median expected
68% expected
95% expected
Observed

400
200f- .
mono-jet 500 1000
-1
_ 500CMS 137 fb~1 (13 TeV) 10t

%, ——— Expected 95% CL +0experiment

S Observed 95% CL y
x NN Qch? <0.12 Vi 3
& 400 ‘ o 1 c
yo. S
Vector mediator, Dirac DM 2~ -
9x=1,9=0.25 €
300 >
@
100 2
[}
200 3
o
-
O
X
100 n
o

107!

1000 1200

Mmeq [GeV]

L L B e B

1500 2000

n= ”/”theory

= 35.9 b (13 TeV)
] S = 800 T T 1 )
=) () F =
0.667 2 G 700 CMS ) +10*5
1 = — r Vector, Dirac, g =0.25,9 =1 E (]
o = E q il DM ] E
= a 600 = Observed WA 1 Bl 5
§ g [ Theoretical uncertainty § g
= 0.333 % 500 [ — Median expected Mo, = 1 3 10 O
> r 68% expected 3
@ Eomme 1
0.000 & 400
o o =1
g 3001 E
0333 5 g
: El) 200 ? 10
2 100
-0.667 & |
1 -2
500 10
: M., [GeV]
2500 3000 0% med
Mimed (GeV) mono-photon
mono-H(bb) mono-top

100

° /
1
2HDM-+a, h — bb
sind =0.35,tan 3 =1, m = 10GeV, mp = my = my-
01 F solid (dashed) lines: observed (expected) limit at 95% CL k|
Unc. band: +1 std. dev. on exp. limit
200 400 600 800 1000 1200 1400

35.9fb~" (13TeV)

m, =150 GeV
m, = 300GeV
m, = 400GeV
theory uncertainty

s m, =250GeV
e My = 350GeV
m;, =500 GeV

m, [TeV]

gy =0.25, g: =1[FCNC]
= Median expected 95% C
s BXD. 1 Oy

Observed 95% CL

Obs.+ 10,

0.2

ma (GeV)

1600

1 1
04 06 08 1 12

14

1.6

1.8

2

22

my [TeV]

2

.
o
Observed 64y, ¢ /Gpeory

—_

107"

102

13



[em?]

DM-nucleon

Comparison with Direct Detection

Vector mediator — spin-independent DM-nucleon scattering cross

section

Axial-vector mediator — spin-dependent DM-nucleon

Simplified dark sectors
Spin 1

Allows for comparison with direct-detection experiments
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Data Scouting

1 KHz

=i

100 KHz

-P

1 MB/evt
40 MHz High-Level Offline ‘
trigger reconstruction
. L1 trigger
- Computing fime
1 ns 1 us 100 ms 1s
| l | l
1 1 1 1 o
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

New physics

Selected data

(/////,af_

Energy
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Data Scouting

100 KHz 1 KHz
# =
1 MB/evt

40 MHz High-Level Offline ‘
trigger reconstruction
. L1 trigger
- Computing time
1 ns 1 us 100 ms 1s
| | | l
1 1 I 1 o
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

Idea: — Lower thresholds by changing event
content to accommodate lower thresholds, store
only trigger level information

~— ,)18/7
S S/[.‘y
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\\\\\ /@/'
New physics S
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HLT scouting
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Events/GeV

Dark Photons

e Dark photon —>two muons
e Novel MVA muon identification increases
sensitivity by 30%
o Track quality
o Isolation
o Vertex information
e Extract signal from fit to dimuon mass
distribution
1012 (‘:nn‘s' LELELIL | T T LA R R | 3|5 fbw-l (v13|1:elvv’||2017)§
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CMS

As sensitive as LHCb or BaBar
with “2"%-grade” data <

97 -137 fb-! (13 TeV)

CMS a
PRL 124 (2020) 131802 {
scouting triggers === standard triggers ]

90% CL exclusions

JHEP 12 (2023) 070

Minimal dark photon model
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The landscape of dark sector models
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Hot off the press: Soft unclustered energy patterns (SUEPS)

A model of Dark QCD

¢ 'é “Dark” version of strong force
g
D .< In certain coupling regimes:
-7 Radiation off dark quarks happens
- . at large angles — soft decay
I < products
g
¢ % — Soft, spherically distributed

decay products

— Very difficult to trigger on

20



Hot off the press: Soft unclustered energy patterns (SUEPS)

CMS Simulation Preliminary

(13 TeV)
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Hot off the press: Soft unclustered energy patterns

S Experiment at the LHC, CE CMS 138 fb" (1 3 TeV)

a recorded: 2018-Aug-Z 7:14.666222 GMT 3 ET T~ "~ T T T T T3
Run / Event / LS: 321887 / roN F === Otheory E
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Phys Rev Lett 133 (2024) 191902

Editors’ suggestion


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191902

Signal modeling: A/H

Generic heavy pseudoscalar (A) or scalar (H)

|

coupling solely to top quarks

Production in gluon fusion via top quark loop

g t
SM tt
g t

Same final state as SM tt — interference
— peak-dip structure in mg

Etf_lpl)
dM;;
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SV} w
Tt = Ot N Ot W Ot =
T T T T T T

—
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—
== O

int __
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. my -
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scale uncertainty
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N e
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A/H interpretation

= Limits on A or H using only the perturbative QCD+EW background model
= EXxcess at low my visible at low A/H masses — stronger for A

Oatt
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2.5

2.0

1.5

1.0

0.5

0.0

CMS Preliminary 138 fb~! (13 TeV)

95% CL exclusion, T'x = 5.0% my
95% expected 1 Observed
I 68% expected [ Maeg > Ta
Median expected

No tt bound states
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1000
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I
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2.0

15

1.0

0.5

CMS Preliminary 138 fb! (13 TeV)

95% CL exclusion, 'y = 5.0% my
95% expected
I 68% expected

Median expected

[ Observed
(LTI rHtf > FH

No tt bound states
1
800

400
my [GeV]

1000

A/H width:
5%
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Postfit distributions: n: (£0)

Postfit for n:model describing the data well

CMS preliminary 7] 138 fb=1, Run 2 (13 TeV)
B Other X tt Postfit (s + b) uncertainty t Data
1<Chan<-3 1<Chan<-3 -1<Chan<-3 3<Chan<3 3<Chan<3 S<Chan<3 3<Chan<1l 3<Chan<1l 3<Chan<l
£103 1<Chea<-3 2<Cha<) 3<Cha<l -1<cCha<-§ 3<Chea<3i 3<Cha<l -1<Cha<-3 S<cha<i i<cra<l
] D i i i . 2
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o 8 - ., ., ' E 5 9
> " . . .. = a . -
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o
©

600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200
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A/H limits including n:
= QCD + n: describes data well - set (BSM) A/H limits
- N:added as an additional BG process with free-floating normalization

3.0
<
(@)]

Cannot distinguish
n: and low-mass A

— EXcess no
longer present

0.5§

0.0

CMS Preliminary 138 fb~! (13 TeV)

95% CL exclusion, 'a = 5.0% mp
95% expected [ Observed
I 68% expected T Fae > Ta
------ Median expected

Including *S{! tf bound state n,
PRD 104, 034023 (2021)

600 800

400
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— Probable observation of toponium!!

1000

0.0

CMS Preliminary 138 fb1 (13 TeV)
95% CL exclusion, 'y = 5.0% my
95% expected 1 Observed
B 68% expected M > TH

------ Median expected

Including 1S} tt bound state n,
PRD 104, 034023 (2021)
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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

. diséppearing or
displaced kinked tracks
multitrack vertices 3 o

lepton pairs

.

b non-pointiﬁg
4 | .= (converted) photons
h Q:“_‘_. jo2s
it
v
displaced leptons, \ AR B A jets
lepton-jets, or ‘

/

trackless,
i low-EMF jets

quasi-stable

charged particles
multitrack vertices in the . F{

muon spectrometer

ol
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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
— Pair of soft displaced muons + MET (from y,)

(my)*

(Am

ct ©C )5
DM

; target 1mm - 1000mm range

Soft + displaced!

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
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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

— Pair of soft displaced muons + MET (from y.)

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

muon system
\ (13 TeV

~

+ Displaced reconstruction

— —
—CMS ) ¢ Standard reconstruction
I~ Simulation

[l WS g e elilier & 16 G W e

—

[ —

PP > A = x ¥,
0, = %, u*w)

L m,=50 GeV

C A/m,=40%

— Mix of ct (Xz): .

" 1,10,100,1000 mm |

|

IIIllllllllllllllllllllll

I End of muon detector

| PR |.|"||JI

1 10 102 10°

Muon transverse production distance v, [cm]

reconstruction using only

30



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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Dirk maer mass m,, (0V]
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Dark sector
models in
CMS searches
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Dark matter mass m,,,[GeV]

_ Simplified dark sectors
Vector and Axial-Vector Portals Spin 1

137 fb (4 3 TeV)

e Vector and axial-vector mediators arise from a broken U(1) | %]gﬁ —““

symmetry, with couplings to the SM and the dark sector £ 10

¢ Included searches: s
+ Dijet searches (visible final states, mediator coupling to or

SM)
* Mono-X searches (invisible final states, mediator
coupling to DM)
e Benchmark scenarios from LHC DM WG recommendations
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extrapolate from
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Events / GeV

Data / Pred.
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Remedy: Scouting

100 KHz 1 KHz

l MB/evt
40 MHz High-Level Offline '
trigger reconstruction
. L1 trigger
do %

Computing fime
1 ns 1 us 100 ms 1s
i i t >
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

— Lower thresholds by changing event content to
accommodate lower thresholds

New physics

\ Selected data

\ Energy

HLT scouting
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Scouting at CMS during Run-2

Dedicated low-precision data stream saving almost all the
information used by HLT algorithm for years 2017-2018

(and onwards for Run-3)

Scouting Path Selection Rate [kHz] Proc. Time [ms]
Loose Cuts Muon Calo-Scouting (2017-2018)  (2u, pr > 3 GeV) 2.7 350
Hr Calo-Scouting (2016-2018)  (Hr > 250 GeV) 3 160
at HLT Hry PF-Scouting (2016-2018) (Hr > 410 GeV) 0.7 1200

Dimuon mass resolution slightly worse than LHCb (1-1.5%), not
much worse than offline

Resolution for 2 TeV resonance using calo jets -20% compared
to offline

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

3._ 105
S F — Observed
< I ----Expected
s . < i IER
Fully exploiting HLT Scouting data by T e =20
. . t [
selecting events with two muons p_ > 4 GeV X T
| Lo CMS Preliminary 61317 (13 TeV) o i
(Very SOft') g . ——— signal + Background Fit ’>§\10'1 E
= B t Ok
Novel MVA muon identification increases ! - g I
sensitivity by 30% 102 . . A
£ 2 3 4 5 6 7 8
. g 2000F myy [GeV]
- Track quality
- Isolation i dom More sensitive than LHCb or
- Vertex informaton s e BaBar with “2"9-grade” data <3
N CMS pPreliminar 96.6 fb~! (13 TeV)
Extract signal from fit to dimuon mass v

distribution




