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The Standard Model ...
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p Remarkable accuracy and predictive power

B LHC/CMS extended sewsitivitg beyond
expectations

* H couplings: precision already <10% for

most couplings with ~5% of expected HL-
LHC dataset

* H+: end of Run2, we reached the precision
that HL-LHC studies predicted for 1000 fb-
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The Standard Model ... how do we modify it?
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p Remarkable accuracy and predictive power P ... But many outstanding open questions
B LHC/CMS extended sensitivity beyono * direct searches for BSM particles coupling
expectations to SM sector
* H couplings: precision already <10% for * lndtirect searches from deviations between
most couplings with ~5% of expected HL- precision measurements and SM
LHC dataset

* H+: end of Run2, we reached the precision
that HL-LHC studies predicted for 1000 fb-
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The Standard Model ... how do we modify it?
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p Rewmarkable accuracy and predictive power

B LHC/CMS extended sewsitivlt5 beyond
expectations

* H couplings: precision already <10% for

most couplings with ~5% of expected HL-
LHC dataset

* H+H: end of Run2, we reached the precision
that HL-LHC studies predicted for 1000 fb-
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. New heavy o k
| resonances ' Leptoquarks
. Long lived
' particles . coe

P ... But many outstanding open gquestions

* direct searches for BSM particles coupling
to SM sector

* wndirect searches from deviations between
precision measurements and SM

(biased) focus on dark
matter anod CMS
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The journey towards new physics
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B LHC/CMS sewsiti,\/n',’cg beyond expectations

2015,13 TeV, 4.3 fb™
2016, 13 TeV, 41.6 fo™
2017,13 TeV, 49.8 fb™
2018,13 TeV, 67.9 fo™
2022,13.6 TeV, 41.5fb™
2023, 13.6 TeV, 32.7 fb™
2024,13.6 TeV, 122.2 fb™
2025, 13.6 TeV, 79.8 fb™"

CMS

* first phase of LHC program to be completed soon
* already >300 fb-1 (Run 2 + Run 3)

150 |

100 |-

B ... but the future is already now

* pushing the detector beyond its limits

Total integrated luminosity (fo™)
(&)
o

* recording up to 63 simultaneous collisions/event
(2.5x CMS design, 45% of HL-LHC)

* collecting data @7 kHz
(0% of HL-LHC, #x Run 2 normal operations)

CMS Experiment at the LHC, CERN
Datavecorded: 2016-Oct-14 09:33:30,044032 GMT,
Run / Event /1S: 283171 /95092595 / 195

B Pushing physics boundaries across multiple frontiers

* searches, precision-, flavour-physics, ...

R EE— TR —— = === = = —a

p A key technology driver

* multiple data-taking strategies, artificial Intelligence, ...
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String resonance
2y resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, &7 =172

Scalar Diquark

ti+ ¢, pseudoscalar (scalar), g%, x BR($-+2() > =0.03(0.004)
ti+9, pseudoscalar (scalar), gf,, x BR(¢+21) > =0.03(0.04)
pp+2IyX

X6, My = 0.02M5, ¢~(yy) merged diphoton pair

Wy Resonance leptonic
SUEP Offline, To = 3 GeV, my =3 GeV, BriA'»mm) = 100%
Split SUSY, HSCP gluino with infnite lfetime, f, = 0.1
stau pair production, HSCP with infinite lifetime
Doubly-charged tau', HSCP infinite ifetime, DY production

CMS preliminary

Overview of CMS EXO results

Rich new physics program at CMS$

March 2024
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Overview of CMS B2G Results
CMS Preliminary
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Hunt for dark matter - identikit

» Ewmplrical evidence of DM from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral
- no information about its nature (what DM could be?)

DM evidence

B Only measured quantitative property is PM mass abundance

- very large set of possible masses can account for observed relic density

MeV Gev Tev
DPM mass

: : : > scale

dark sector

Light DM WIMPs

*thermal production
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Hunt for dark matter - identikit

DM evidence

ASSUMLE
Lnteractlons
with SM

l

DM production

22 Sep 2025

» Ewmplrical evidence of DM from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral
- no information about its nature (what DM could be?)

B only measured gquantitative property Ls DM mass abundance

- very large set of possible masses can account for observed relic density

MeV Gev Tev

: : : > DM mass

scale

dark sector

Light DM WIMPs

*thermal production

B DM must have some non-gravitational interactions with SM particles

Mev-GeV: Gev-TeV:
- avoid DM overproduction with new - WIMP models, DM has small
mediator below weak scale couplings to SM particles

- suff. small SM coupling for - most minimal scenario, one DM
consistency with collider searches and one mediator

* Park sector: DM and mediator part of a separate “dark sSM” (can be fairly
minimal or composite)

Deborah Pinna - UW



Hunt for dark matter - where and how to study it?

. S 4
Mev-GeV:. o
’, A\ ,
- suff. small SM coupling and below weak scale oY Energy frontier
Y2
& high-intensities - LHC
qev-TeV. Intens i’cg ﬁ
frontier

Mev- qeV sector less
constratned. Can
— beam dump address many open

Phgsios problems

- extenstons Of the SM at the gev-Tev scale
— fixed target

& high-energies

* Dark sector: could be heavy, light, and/or long-lived

>
energy scale or mass

Lnteraction strength or couplin
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Hunt for dark matter - where and how to study it?

Mev-GeV:
- suff. small SM coupling and below weak scale
& high-intensities

Gev-Tev.
- extenstons Of the SM at the gev-Tev scale
& high-energies

* Dark sector: could be heavy, light, and/or long-lived

B Assuming DM-SM interactions enables different searches
- wndirect detection, products from DM annthilation
- direct detection, nuclear recoil from DM-nuclel seattering

- colliders: DM prodetiow

Complementa ritg between experimewts essential!

eg. info about lifetime if DM discovered at colliders (~10-7s),
particle properties compared with cosmological constraints

22 Sep 2025 Deborah Pinna - UW

Lnteraction strength or couplin

D A

" oo
WU
\,\’,\3\:\‘{\9
O\N

\(LW

ntensity
frontier

— fixed target

— beam dump

Energy frontier
- LHC

<

Mev- qeV sector less
constratned. Can
address many open
Phgsios problems

>

energy scale or mass
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Hunt for dark matter - investigation tactics

B We oo not have iw(:ormatlow about the DM nature, how to hunt Lt?

- remain very general and make very Little assumptions, eg.“ls it a 2D shape?”
P 9 P

- more assumptions and tests more specific models, eg.“is it a 2D shape, Yellow color and
with only 90" angles?”

22 Sep 2025 Deborah Pinna - UW 12



Hunt for dark matter - phenomenology

Intensity frontiers: Mev-Gev

- small couplings to SM, challenging to
detect but guide to relevant interactions

% vector: dark vector boson (dark photow)
mediator that mixes with SM photon

* scalar: dark Hoggs mediator, mixing with

SM Higgs, which leads to couplings to
fermions

%k fermiow: hea\% neutral Leptow (HNL)
mediator, that can mix with SM neutrinos

* psewdo-scalar: axion-like particle can
have couplings to SM fermions or bosons

22 Sep 2025 Deborah Pinna - UW
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Hunt for dark matter - phenomenology

Intensity frontiers: Mev-Gev

- small couplings to SM, challenging to
detect but guide to relevant interactions

% vector: dark vector boson (dark photow)
mediator that mixes with SM photon

* scalar: dark Hoggs mediator, mixing with

SM Higgs, which leads to couplings to
fermions

* fermion: heavy weutral Lepton (HNL)
mediator, that can mix with SM neutrinos

* psewdo-scalar: axion-like particle can
have couplings to SM fermions or bosons

Bnergy frontiers: Gev-Tev

Qess ‘)0

Simplified models:

s]aeciﬁc models:

eg. 2 Higgs Complete models:

SM/BSM mediator  oublet Model 9. MSSM

s\f""\)\e e )\

)\ ) © nor® COQ\) e’tersw
p0

m°‘

- one new mediator, one DM parthLe

& Higos bosown could be the SM-DM weediator

- limited parameters set (mpm, Mmed, 9q, gom)

spiw—o spiw—:r_

vector
@> _v.o"
q

scalar

¢ pot o 04
@ ;fo:gﬁ

22 Sep 2025 Deborah Pinna - UW
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axial-vector

* interaction type define
" pseudoscalar most sensitive signatures
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Hunt for dark matter - phenomenology

Intensity frontiers: Mev-Gev Energy frontiers: Gev-Tev

) ) Specific models:
- small couplings to SM, challenging to Sinmplified models: eg. 2 Higgs ~ Complete models:

: , , SM/BSM mediat 9. MSSM
detect but guide to relevant interactions v Poublet Model

-
% vector: dark vector boson (dark photow) P cer )\ D\ ;‘ ot cgjg" e

ar@ ore
mediator that mixes with SM photon s P o
* scalar: dark Higgs mediator, mixing with - one new mediator, one DM particle
SM Higgs, which leads to couplings to & Higgs boson could be the SM-DM mediator
fermions

- limited parameters set (mpm, Mmed, 9q, gom)
* fermion: heavy weutral Lepton (HNL)

mediator, that can mix with SM neutrinos

axial-vector

.Z qufyuq E.Z Auquufyg)q
q : q

vector

* interaction type define

* psewdo-scalar: axion-like particle can
" pseudoscalar most sensitive signatures

have couplings to SM fermions or bosons

scalar

¢ Fot i £ 5
@ ;fo @ ;va f

spiw—o spiw—:r_

=Q Signatures
- tnwvistble: production of DM through the decay of a portal/SM particles
- visible: dark mediator particles can decay back to SM particles (especially if sector’s lightest state)

- displaced (Long-Lived): production of dark sector particle with significant lifetime that decays visibly to SM

22 Sep 2025 Deborah Pinna - UW 15



-

eneroy frontier
LHC

The energy frontier

Lntensity

{ rYontLey

— fixed target

— beam duwp

>

tnteraction stremgth or coupling

energy scale or mass




Hunt for dark matter - how to detect it?

inner tracker | calorimeters | magnet

Key: | | |
Muon

Electron

Charged Hadron (e.g. Pion)

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

muon system

Barmey, CERN, Febricuy 2004

- [BEEBEEBM (wwvcon), from inner tracker tracks and energy in calorimeter (track in muon spectrometer)

22 Sep 2025 Deborah Pinna - UW 17



Hunt for dark matter - how to detect it?

inner tracker calorimeters , magnet

I | |
Muon l I l
Electron « \
Charged Hadron (e.g. Pion) A\ \ \ |
— — — - Neutral Hadron (e.g. Neutron) '
----- Photon

muon system

Key:

Barmey, CERN, Febricuy 2004

- electron (muown), from inner tracker tracks and energy in calorimeter (track in muon spectrometer)

; - from energy deposits in electromagnetic calorimeter

22 Sep 2025 Deborah Pinna - UW 18



Hunt for dark matter - how to detect it?

inner tracker l calorimeters | magnet

| N
Muon

Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

muon system

T

=

Barmey, CERN, Febricuy 2004

- electron (muown), from inner tracker tracks and energy in calorimeter (track in muon spectrometer)

- photown, from energy deposits in electromagnetic calorimeter

- _ partons hadronize in colour-neutral particles groups, so-called jet.

Parton energy and momentum reconstructed clustering all particles from hadronization

22 Sep 2025 Deborah Pinna - UW
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Hunt for dark matter - how to detect it?

inner tracker calorimeters , magnet

| | |
Muon I l |
Electron \ )

Charged Hadron (e.g. Pion) NN \ )
— — — - Neutral Hadron (e.g. Neutron) ‘
----- Photon

muon system

Key:

Barmey, CERN, Febricuy 2004

- electron (muown), from inner tracker tracks and energy in calorimeter (track in muon spectrometer)

- photown, from energy deposits in electromagnetic calorimeter

- jets from quarks and gluowns, partons hadronize in colour-neutral particles groups, so-called jet.
Parton energy and momentum reconstructed clustering all particles from hadronization

& Dark matter?

22 Sep 2025 Deborah Pinna - UW 20



Hunt for dark matter - how to detect it?

- stable
- electrica Ly neutral

- massilve

)

Silicon
Tracker

Electromagnetic™
Calorimeter

Hadron

Calorimeter Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers
Tm 2m 3m 4m 5m 6m
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Hunt for dark matter - signature at colliders

» PM could be produced at colliders (rave process)

wo direct trace tn the detector, but could create a pr
imbalance (MET)
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Hunt for dark matter - signature at colliders

» PM could be produced at colliders (rave process)

wo direct trace Lk the detector, but could create a pr
imbalance (MET)

conservation of momentum

- no info on longitudinal momentum of colliding partons
- but total initial parton pr=0

.. —>
- need to be conserved after collision Z pr=0
; 2 ﬁT! = ( particles escaped detector carrying
—_> . —
EI%’llSS — 2 Dr

—
¢ | E7™| = wissing transverse energy (MET)
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Hunt for dark matter - signature at colliders

» PM could be produced at colliders (rave process)

wo direct trace Lk the detector, but could create a pr
imbalance (MET)

conservation of momentum

- no info on longitudinal momentum of colliding partons
- but total initial parton pr=0

.. —>
- need to be conserved after collision Z pr=0
; 2 ﬁT! = ( particles escaped detector carrying
—_> . —
EI%’llSS — 2 Dr

— .
¢ | E7™| = wissing transverse energy (MET)

Eol

To see the tnvisible we need the visible ...

- need visible particle to which DM particle recoils against

- “mono-X searches”: X includes jets, vector bosons, top, ...
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Hunt for dark matter - how to search it at colliders?

/ » DM signal
I * SM bkg

~+ data

1- Selection: PM appears as events excess tn MET tail wrt SM

- no striking signature, eg. mass peak, mr kinematic endpoint
- look for excess in region enriched in signal (sigwnal region - SR)

2- Bko: precise evaluation of SM processes Ln SR essential

- achieved through use of multiple control regions (Crs)

=- Results: compare SM preoliotiows wtth data

- Bxcess of events in data, did we find DM?

- No excess, interpret result in terms of theory model parameters

~ Limits on 0/0w

22 Sep 2025 Deborah Pinna - UW
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Hunt for dark matter - how to search it at colliders?
DAL I )
1- Selection: DM appears as events excess i MET tail wrt SM . Fdn R
- no striking signature, eg. mass peak, mr kinematic endpoint X\%%

- look for excess in region enriched in signal (sigwnal region - SR)

2- Bko: precise evaluation of SM processes Ln SR essential

- achieved through use of multiple control regions (Crs)

=- Results: compare SM preoliotiows wtth data <
- Bxcess of events in data, did we find DM? 9

- No excess, interpret result in terms of theory model parameters

~ Limits on 0/0w \

Eel Experimental challenges for tnvisible signatures
%k accurate E calibration/resolution of visible objects (“fake” MET from mis-measured jets)
%k precise particle reconstruction and identification
% mitigate effects from additional pp collisions (pile-up)

% MET thresholds affected by trigger (very high collision rates)
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Invisible signatures

| mono-let/ V(-WZ)

% ATLAS: PLB842(2023)

%k CMS;EXO-20-004 %k CMS:EXO-21-012 %k CMS:HIG-21-007

%k selected recent results


http://cds.cern.ch/record/2771676?ln=en

Hunt for dark matter - DM+jet/V search

& CMS: EX0-20-004

B 1 - Selectlon: events categorized based on jet nature

mowno-v

% MET > 250 GeV
DM %* =1 jets, pr(j1) > 250 GeV
& % ML technique to identify V

¥ DM hadronic decays
O % jet mass consistent with V

J ¢. R=0.9]
P 2-BRY:

- Z(vv)tjets and W(lv)+jets from CRs

B 3- Results: combined fit of SRs, CRs

- systematic unc. included as nuisance parameters

Elel

% prefit: as from simulation

%k post-fit: after allowing simulation to vary within unc and the

scaling factors from CRs

22 Sep 2025
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mowo—j et

-~

DM % =1 jets, pr(j) > 100 GeV
& :
R %k b-tagged jets veto
¥ DM
o [omall-cone jet,
. R=0.4
SR mowo—]e’c 59.7 fo' (13 TeV)
> T T | T T T | T I\vl | T T T | T T T | T T T
8 10°E CMS Preliminary $-Data .Z(W)"jets
E) 10° g/loo1n8ojet I:lW(Iv)+jets .WW/ZZ/WZ
L% 103 I:lTop quark I:lQCD

H(inv), BR = 25%
AxiaL m =2TeV
med

m, =1 GeV

| oY o] —_ =
NON OB

o

(Data-Pred.) Data / Pred.

1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
400 600 800 1000 1200 1400
p?'ss [GeV]

% not selected as mono-V
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& CMS: EX0-20-004

Hunt for dark matter - DM+jet/V search

P 3- Results: interpretation in terms of DM model, upper Limits at 95% CL on cross section

.--Simplified psewdo model .

¢ A

~
L4

CMS Preliminary 137
R R L

fb~1, 2016-2018 (13 TeV)
: T
I - Expected

I —e— Observed

T

Expected + 2 s.d.
Il Expected + 1 s.d.

95% exclusion limits on p

-

o
=)
I

Psel doscalar mediator |

PP = XX+ / Z(qq) -
mpy = 1 Ge'/, gq=1.0,9y,=1.0

oW E N E EE EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE =,
o m M M M M M M R N M M M M M R M M M M M M M M M M M M mm mmomom =P

Sl e b L
A 10 0 100 200 300 400 500 600 700 800 ,'

- Mmed (GeV) .’ ‘

-
---------------------------------

%k W=0/0u, w=1 exclude the theory value, u<i excluole
below theory value, uw>1 does not exclude theory value

%k parameter: cannot scan all parameters at once. Fixeol
ones only affect xsee but not kinematic (selection)
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Hunt for dark matter - DM+jet/V search

P 3- Results: interpretation in terms of DM model, upper Limits at 95% CL on cross section

~

4

95% exclusion limits on p

.--Simplified psewdo model .

CMS Preliminary 137
R R L

fb-1, 2016-2018 (13 TeV)
T L R B R
I - Expected
- —e— Observed
Expected + 2 s.d.

| Expected + 1 s.d.

T

-

o
=)
I

Psel doscalar mediator |

PP = XX+ / Z(qq) -
mpy = 1 Ge'/, gq=1.0,9y,=1.0

200

" | |
400

T | I P - P
100 100 300 500

600 700 800
mmed (GeV) .

---------------------------------

A3

L4

L d

4

-~

o m M M M M M M R N M M M M M R M M M M M M M M M M M M mm mmomom =P

k4

~
~

. W B NN BN BN BN BN BN BN BN BN BN BN BN BN N BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN BN B M M N M W W W om gy,

%k W=0/0u, w=1 exclude the theory value, u<i excluole

below theory value, uw>1 does not exclude theory value

%k parameter: cannot scan all parameters at once. Fixeol

ones only affect xsee but not kinematic (selection)

22 Sep 2025

Deborah Pinna - UW

& CMS: EX0-20-004

.-- Stmplified axial-vector model .

CMS Preliminary
S

137 fb~', 2016-2018 (13 TeV)
g

0Q
o
i

1400(-
1200(-
1000[-
800}
600}

400}

200F 357

--------------------------------------

Vector mediator
0q=0.25,9,=1.0

2016 observed
2016 median expected

| --- Median expected

— Observed

SRR 68% Expected

500

:2500
Mmed (GeV)

I
=

3000

A Y

L 4

-
o
S
S
)

]

0.667

0.333
0.000

-0.333

95% CL upper observed limit on log1o(

-0.667

-1.000

% here u=0/0y, in on z axis (notice here Log,, (1))

%k paraweter: here we scan 2 parameters at the time
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& CMS: EX0-20-004

Hunt for dark matter - DM+jet/V search

P 3- Results: interpretation in terms of DM model, upper Limits at 95% CL on cross section

.--Simplified psewdo model . .-- Stmplified axial-vector model .

. . ¢ .

~
L d

~
5
L 4

CMS Preliminary 137 fb~', 2016-2018 (13 TeV)
T T

o m M M M M M M R N M M M M M R M M M M M M M M M M M M mm mmomom =P
L I I R I T T T Ty e

! ]
! 1
! 1
! 1
! 1
! 1
! [ |
! 1
! 1
! [ |
! 1
! 1
! [ |
! 1
! 1
! [ |
! 1
! 1
1
[ |
' .ot CMS Preliminary 137 fo™', 2016-2018 (13 TeV) . ) ro00
3 BT e 1 - . e i =
i | -e Expected 1 @ 1400 Vector mediator e =
o - 1 2 0q=0.25,9,=1.0 y (o)
: » - —e— Observed T i . i Jossr ©
1 E Expected + 2 s.d. ' £ 1200 A elbszvEs ] A=
S | W Expected + 1s.d : i 2016 median expected . 2
. 5 i o 1 | ---- Median expected 1 | €
2 : 10001~ —  Observed _e— 5 0.333 %
: E’ 1 Fo 68% Expected 2
9 . 800 2
SN ' i 0.000 8
- ' N
' ' 600} g
1
; : I 0.333 5
. 1 X e
. ' 400 O
1 : i 2
: o ] : 5
. PselL doscalar mediator ' ool -0.667 O
1 1
' PP — XX+ / Z(qq) | ' '
. mpy = 1 Ge'/, gq=1.0,9y,=1.0 ' : . » .
; ' % 500 1000 1500 2000 2500 3000 1000
|} 1 0—1 v b b b b e L v Ly 11 P ' Gev ,
. 0 100 200 300 400 500 600 700 800 N Mmed (GeV) ,
~~ mmed (GeV) ‘¢' ‘~~ "l

-----------------------------------------------------------------------

%k W=0/0u, w=1 exclude the theory value, u<i excluole

here u= L L t L
below theory value, u>1 does not exclude theory value = W=0/0u, tn on z axis (notice here Logao (1))

%k parameter: cannot scan all parameters at once. Fixed % paraweter: here we scan 2 paraweters at the tume

ones only affect xsec but not kinematic (selection)
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& CMS: EX0-20-004

Hunt for dark matter - interplay with direct detection

B 3- Results: 90% cL Lower Limits on interaction xsec between DM and nuclei

CMS Supplementary 137 fb~' (13 TeV) CMS Supplementary 137 fb~' (13 TeV)
CG\ T T T T UL I T T T T UL I T T T T UL I CG\ T T T UL I T T T T UL T T T T UL I
e . Vector mediator, Dirac DM =
S 10797 — gq=0.25, gpm=1.0 . S 1077 \ \ B
5 — XenoniT 2018 5 —
© ©
PN — Cresstl . T 1099 \/
< —— CDMSlite <
o) LUX )
10—41 | _] 10—41 | —]
/
10—43 | _] 10—43 | |
_— Axial mediator, Dirac DM
- gq=0.25, QDM=1 .0
10_45 | _| 10—45 | — Pico 2L —]
— Pico60
Spin independent 90% CL Spin dependent — Picasso 90% CL
—47 | | \\\\\\I L L \\\\\\I L | \\\\\\I —47 . . \\\\\\l 1 1 \\\\\\l 1 1 \\\\\\l
10 100 10’ 102 103 10 100 10! 102 103
mpm (GeV) mpwm (GeV)

Eel

Compa VLSOW recommendations [arXiv:1603.04156]

% DM non-relativistic: dominant DM-nuclei interactions spin-independent and spin-dependent scattering
sk vector/scalar mediator lead to a St tnteraction

%k axLaL—vector/Pseudo—scaLar lead to s Lnteraction
%k very model dependent

% DD bounds may be valid for multiple models, LHC limits hold exclusively for considered models
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Hunt for dark matter - interplay with direct detection

& CMS: EX0-20-004

B 3- Results: 90% cL Lower Limits on interaction xsec between DM and nuclei

CMS Supplementary 137 fb~' (13 TeV) CMS Supplementary 137 fb~' (13 TeV)
CG\ T T T T |y ¢ ‘ T T T T T T ‘ T T T T UL I CG\ T T T L ‘ T T T T LI T T T T UL I
e . Vector mediator, Dirac DM =
S 1077 S 0.20.95 g1y=1.0 . S 1077 \ N T
5 — XenoniT 2018 5
© ©
2 t\ — Cresst-l| | 2, 0-00]- _
< CDMSlite 2
6 : LUX )
10—41 | \_ _] 10—41 | —]
/
10—43 | | 10—43 | —
_— Axial mediator, Dirac DM
- gq=0.25, gDM=1 .0
10_45 | _| 10—45 | — Pico 2L —]
— Pico60
Spin independent 90% CL Spin dependent — Picasso 90% CL
—47 | | | | L I Ll I L | I —47 . . . . L | 1 1 1 1 | | 1 1 1 1 |- |
10 100 10’ 102 103 10 100 10! 102 103
mpm (GeV) mpwm (GeV)

Eel

% DM non-relativistic: dominant DM-nuclei interactions spin-independent and spin-dependent scattering

COMPAYLSON recommendations [arXiv:1603.04156]

sk vector/scalar mediator lead to a St tnteraction

%k axLaL—vector/Pseudo—scaLar lead to s> Lnteraction

%k very model dependent

% DD bounds may be valid for multiple models, LHC limits hold exclusively for considered models

22 Sep 2025
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& CMS:EX0-21-012

Hunt for dark matter - DM+WW search

B 1- Selection: #lep categorization p 2-BRY: _ CMSPemnay 137107 (13TeV)
5 10 I Other background - DreII Yan
. E 108 I Higgs [ Non-prompt
4'(?') ) 10 % 1 lep, 2 2 jets (mj ~ W mass) Ot W W/ I e

%k 0 b-tagged jets, MET > 60 GeV Z+jets, WW o
%{ % MVA to recover sensitivity main bkg, 107
- “ from CRs 10°
" 2 %k 1 opposite-charge & pair 10
k'Dl\/l % 0 b-tagged jets, MET > 20 GeV !

12 F

%k events categ. on dark-H boost

Data/Pred

08 E
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& CMS:EX0-21-012

Hunt for dark matter - DM+WW search

’ . . L. -1
B 1- Selection: #lep categorization p 2-BRY: _ CMSPemnay 13710 (13 TeV)
o) 10 I Other background I Drell-Yan
10 % 11ep, = 2 jets (my ~ W Rt Bt
Z‘(}f) ‘4/(7:) * ep’ - Jets (m” maSS) - tt, tW, W/ g 10° ] ms =160, mx=100, mz,=500TotaI uncertainty
D . % 0 b-tagged jets, MET > 60 GeV Z+jets, WW o o< <1
% MVA to recover sensitivity main bkg, 107
from CRs 10°
2{ % 1 opposite-charge « pair 10
* 0 b-tagged jets, MET > 20 GeV 1
° E E
%k events categ. on dark-H boost £ 12p R R
8 o8k ]
8 g an E
0 5 10 15 rr|iss20
bin number (m - mIT” )
B 3- Results: upper Limits at 95% CL on cross section
.- Dark-Higgs wmodel: dark Higgs (s) can be lighter than DM, observed rvelic can be attatned  -===----- .~
: CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 b (13 TeV) “,
; S’ 400~ Dark Higgs, Z' — DM + s (WW) S 40— " Dark Higgs, Z' — DM + s (WW) = .
. - ) B Majorana DM, m = 200 GeV g Q@ B Majorana DM, m_= 300 GeV -
' ) W 9] B e=]0.o1,gq=o.2xs, g =1 % 9] : e=Jo.01,gq=o.2Xs, g =1 % :
1 SLAB(Z-h wt E‘” 350 T Expected 95% CL 10 Ew 350 B = Expected 95% CL 10 1
: ml)(iwg) , L = Observed 95% CL L = Observed 95% CL :
. - —— =+ 1 std. dev. - —— =+ 1 std. dev. .
= + 2 std. dev. - ——— =2 std. dev.
: 300~ 0,17 =0.12 300~ o, 1 =0.12 :
1 1 ;
' 250 — 250~ .
: 200 200 :
: 10~ - 10" !
. 500 1000 1500 2000 2500 500 1000 1500 2000 2500 N
. m,, [GeV] my. [GeV] S
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& ATLAS: PLB842(2023)

Hunt for dark matter - Higgs can be a portal? ¢ stz

» PM-SM nteractions mediated by Higgs boson: DM coupling enhance H invisible BR (SM ~0.1%)

» Higgs production as in SM DM
- gluon fusion (MET+j) Higgs -7
- associated VH (MET+V), ttH (MET+tt) 777777 ..l s
DM

- vector-boson fusion (MET+2jets)
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& ATLAS: PLB842(2023)

Hunt for dark matter - Higgs can be a portal? ¢ stz

» PM-SM nteractions mediated by Higgs boson: DM coupling enhance H invisible BR (SM ~0.1%)

» Higgs production as in SM DM
- gluon fusion (MET+j) Higgs -7
- associated VH (MET+V), ttH (MET+tt) 777777 DT s

- vector-boson fusion (MET+2jets)

p 3- Results: translated in spin-tndependent DM-nucleow elastic scattering xsec limit (mppm < mp/2)

4.9 b (7 TeV), 19.7 b (8 TeV), 140 fb™' (13 TeV)
T IIIIIIII T IIIIlII| T T T T 17

Y ., ('E o E By, _ ;,, <0.093
E 10°E . CMS 90% CL limits S, N ATLAS T Al ot 60% CL
& 100 B(H — inv) <0.14 § 10 & \s= 7TeV, 47"
2 o Higgs portal models ] O - ~ = 8TeV, 2031 7| Higgs Portal WIMP:
%) g a2 - - - Majorana fermion DM n_g — ’ Vs=13 TeV, 139 fb-1 - - Scalar
B 10 s s 10—41 - -
10743 "’:,_- .......... i B Scalar DM N DB Majorana
_44 - ! T VecrPH - Vectorger
10 ", \\‘\\ J VectorDM::j':';";OGev _45
107% ."',' S ;_:;/ ’,; Vector DM ::j':'g: o 1 O _____ VeCtoruv model, o. = 0.2
100 et R ’/ ) A e Other experiments:
L-HC Sen VOh es 107 ::u-’./.: ----------- 1 0—49 ——  Xenon1T-Mig
-48 ~ Direct-detection L .
(70 V%’P Lementa Yﬁ 10 - +r. CRESSTI DarkSide-50
to d , t 107 P s+ DarkSide-50 10°58 B2 PandaX-4T
0 LYéc so[ " sass PandaX-4T o
10 wenn LUX-ZEPLIN o o o L == LUX-ZEPLIN
deteatioy\’ 10—51 ! 1 A 1 1 ol 1 | 11111 1 > 3
1 10 102 10° 10 1 10 10 10
(l,(,l/\,der mweodel Mgy (GeV) Mywe [GeV]
assumptions) BR(H—>ism) <0.15(0.08) obs(exp.) BR(H—isv) <0.11(0.08) obs(exp.)
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Visible signatures

- massive long-lived particles:

% LHCb: EPJC373(2022)

— di-mon resonances:

% CMS:_ EXO-21-005

%k selected recent results


https://link.springer.com/article/10.1140/epjc/s10052-022-10186-3
http://cds.cern.ch/record/2851121

Hunt for dark matter - hints from indirect searches

Stmplified vector model % ATLAS:ATL-PHYS-PUB-2021-006
= 1.6

q W.Z E

g,=0.25 i 1.4 /'

Z'

gDM=I 1.2 /r}

q X 1 <
e : i+
p low sensitivity to off-shell region due to ’\f(\

strong reduction of production cross-sectior g

’ 'd I d 0-6
B Can we recover the sensttivity?

0.4

Vector mediator, Dirac DM

0.2 gq=0.25,091=0,9,~1

lllIllIIIllllllllllllllllllllll

25 3 35 4
mz, [TeV]

-
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Hunt for dark matter - hints from indirect searches

simpLLﬁed vector model

q W, Z
g,=0.25

/
gom=1 Z

q X

p low sensitivity to off-shell region due to
strong reduction of production cross-sectior

B Can we recover the scwsiti\/i,’cg?
f@; visible deca Ys

/ Wik X
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%k ATLAS:ATL-PHYS-PUB-2021-006

Vector mediator, Dirac DM
Jq= 025! g = 0! Ox= 1

lllIlIIIIllllllllllllllllllllll

-

35 4

mz, [TeV]
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Hunt for dark matter - hints from indirect searches

simpLLﬁed vector model

q W, Z
g,=0.25

/
gom=1 z

q X

p low sensitivity to off-shell region due to
strong reduction of production cross-section

B Can we recover the scwsiti\/i’cg?
f@; visible deca Ys

Wik X

gDM 8q
/Vv\f( > ’\/v\/.<
7 X Z q

sk wmediator

- narrow resonance
gq— - wide resonance
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everything?
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%k ATLAS:ATL-PHYS-PUB-2021-006

Dijet TLA, 29.3 fb

PRL 121 (2018) 081801
Dijet+ISR, 79.8 fb

PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fb
PLB 788 (2019) 316

Boosted di-b+ISR, 80.5 fb
ATLAS-CONF-2018-052

bb resonance
139 fb
JHEP 03 (2020) 145

B " TR T TS - T r‘ T
i LAS Prelimillnary -
Vs =13 TeV, Mdrch 2021 _
i bb resonance |.” ]
N A
[ 7]
- Q7 7 ]
i o5 )
AN
- Q@v / -
- 6‘0\ v —
- 0\ / -
" \V% -
i Dijet i
I e Vedtor mediator, Dirac DM
r - ) gq = 0.25 . gl = 0, gx =1 i
" |- ﬂ _ -7 All Iif-its at 95% CL i
=t B A PP B | . P IR Y P |
0.5 1 1.5 2 2.5 3 3.5 4
m,. [TeV]
\'

Dijet — tf resonance Er™>+X

Dijet, 139 fb™ 36.1 fb™ ET*+jet, 139 b

JHEP 03 (2020) 145 EPJC 78 (2018) 565 arXiv:2102.10874

E™*4+,139 b
arXiv:2011.05259
ET*°+V(had), 36.1 b
JHEP 10 (2018) 180
ET*+2Z(Il), 36.1 fb
PLB 776 (2017) 318
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Hunt for dark matter - hints from indirect searches

simpLLﬁed vector model

q W, Z
g,=0.25
Z/

gom=1

q X

p low sensitivity to off-shell region due to
strong reduction of production cross-sectior

B Can we recover the scwsltivitg?
f@? visible deca Ys

/ W X q

sk wediator
- narrow resonance

>
©

E.
=3

1.6

1.4

1.2

0.8

0.6

0.4

0.2

g q - - wide resonance aLreaalg

* interpla Yy changes
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%k ATLAS:ATL-PHYS-PUB-2021-006

IIIIIIIIIIIIIIIIIIIIIIIIIIII

;

Dilepton

bb resonan

STV T
Lfs Preliminary /
3 TeV, MdrchH 202"

gj//

T
/

N

2
AN
lllllllllllllllllllllllllllllll

N\

T T T
U"" /
. /

Vector mediator, Dirac DM
gq=0.19-= 0.01, gx =1
All limits at 95% CL

pLd we exclude

everything? NO!
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Dilepton

139

zb"

PLB 796 (2019) 68

Dijet
Dijet, 139 fb™
JHEP 03 (2020) 145

Dijet TLA, 29.3 fb
PRL 121 (2018) 081801

25 3 35 4

m, [TeV]

— bb resonance

139 fb’
JHEP 03 (2020) 145

ET°+X

ET 4y, 139 fb™

arXiv:2011.05259
ET+jet, 139 b~
arXiv:2102.10874
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& LHCb: EPJC373(2022)

Hunt for dark matter - LLPs = utjets search  gusk

p 1- Selection: x 1 displaced vertex from any B 2- BRO: ) ' rmep 0 v bwa
.. — Fit: 1
PV containing 1u > 54fb~t Fl?azl(ztgiound
, - bb processes © 10 f ,,,,,,,,,,,, sienal
% =1 LLP candidates : =23 . o F 8
o and material = (c)
tracks (1u) with inv mass interactions & [
o above B resonances s L
PV %k MVA techniques to recover - N\ .
sensitivity i A 1
10—1 1 1 L I L .\ | L L L | L L s |
20 40 60 80
LLP mass [GeV/c?]
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Hunt for dark matter - LLPs — [u+jets search

B 1- Selectlon:

P 2-BRY:

& |HCb:EP|C373(2022)

CES

% 1 displaced vertex from any ) LHCL FDIi?j[a‘lclotal
PV containing 1u 5 [N samt background
, - bb processes © 10 N e sional :
%k 21 LLP candidates : 23 . e F I 8 E
o and material < = 3l (c) 1
tracks (1u) with inv mass interactions 8 C g !
above B resonances = L
g 1 M E
% MVA techniques to recover : 1IN ]
sensitivity i \‘ !
lo—ln L I L |\1 | L l L f l
2 LL41(’) o [G V§O2]
B 3- Results: combined fit to LLP reconstructed mass in SRs and CRs T e
Upper limits at 95% CL on cross section
Massive long-lived particles (LLp) =~ 77 7T aa .
: 10 ¢ .
: S . 0 LHCb LHCb :
- (a)FHldggs I|k§ p?[artlcleLhLPproduced by g s 4] (@) s 41 2 (b) ;
:  ggF, decays into two LLPs = Mo =50 GeV/c2 myo=30 GeV/c
+ - (b) direct LLP production from quark .S
+  interactions 3 :
: 0 = « 107}
E /XI q X § - :
' @) :
: e 5 m (ho) =125 Gev :
hO O ™S00 150 200 0 50 100 150 200 !
! . LLP lifetime [ps] LLP lifetime [ps] .
: 0 ¢ =0 '
' (a) X1 (b) X1 :

v
--------------------------------------------------------------------------------------------------------------------
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https://link.springer.com/article/10.1140/epjc/s10052-022-10186-3

& CMS.EXO-21-005

Hunt for dark matter - di-muon low-mass resonances

1 - Selectlon: resonance as peak wrt SM invariant mass

%k 1 opp.-sign u pair, categories on pt(uu)

s« dedicated upm trigger: low pr thresholds, high rate,
retain only 4-momentum, isolation, track information

*t muon identification based on MVA techniques

2 -BRY:

- known resonances, D meson decays to kaons (from CR)

22 Sep 2025
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CMS Preliminary Scouting Triggers, 96.6 fb™' (13 TeV)
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http://cds.cern.ch/record/2851121

& CMS:EXO-21-005

Hunt for dark matter - di-muon low-mass resonances

1 - Selectlon: resonance as peak wrt SM invariant mass

%k 1 opp.-sign u pair, categories on pt(uu)
. dedicated ww trigger: low pr thresholds, high rate,
retain only 4-momentum, isolation, track information

Events / (0.002 GeV)

** muon identification based on MVA techniques

2 -BRY:

- known resonances, D meson decays to kaons (from CR)

Q,

—

—
<

—
<

—
QU

—
<

—
)

3- Results: fit to yu invariant mass, upper limits at 90% cL on mixing coefficient €

Dark photon: dark/SM sectors tnteraction through dark photon Zr, with kinetic mixing €
96.6 fb~1 (13 TeV)

~

Higher sensitivity at
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1077E
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= : - - - - Jhp Trained Selection
SR
=i I\
1
EL /
E: N RN
:| e
EC l l l l l
0 2 4 6 8

---------
~

LHCb
BaBar
3 CMS E
| L | | L | | L |
2 3 4 ) 6 7
mz, [GeV]

~ .
....................................................................................................................

22 Sep 2025

Deborah Pinna - UW

-

N mmm e m momomomom oW EE OEOEOEOEOE W OEOEEEEmEm S


http://cds.cern.ch/record/2851121

... connecting the dets results



Hunt for dark matter - complementarity

* Luminosity: determines size of coupling that can be probed 4

*Energy: determines probed mass range energy frontier

- LHC
*lnvistble/vistble: directly probe DM or mediator

Lntensity frontier

— fixed target

— beam dwmp

Lnteraction strength or oouqsL'ng

energy scale or mass
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Hunt for dark matter - complementarity

* Luminosity: determines size of coupling that can be probed

NA48/2

*EBnergy: determines probed mass range

1073

*lnvistble/vistble: directly probe DM or mediator o

107 E

Complementa Vitg essentrall .

106 E
- results often presented in terms of different mediator masses,
notation and model assumptions

107

& Concerted effort to align models and representation to

B 7/
7/
N987A //
7
7/
/7

HCb

= L
N

_
il

7771 Bellell

f

LHCb: — 15 fb™!
---300fb™!

DarkQuest: —— 108 pot
---10%°pot

Dark photon modeL?

exploit complementary of energy- and 'Lw’cews'u’c;j— 103
frontiers to discover PM/dark-sector
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Hunt for dark matter - complementarity

* Luminosity: determines size of coupling that can be probed

. NAZ8)2 e
*Energy: determines probed mass range . N L I cus
\"”“'e"\ APEX 'BaBary - ]
’ 7 , s . . N\“%%Eyé\ i3 SN ]
* Invistble/visible: directly probe DM or mediator 1+ ERESR N T/ et
_ E141 "3\ RN ! ‘lii ]
105 SN N EEE LHCb: — 15 fb-! .
L ’ ’ LI L sy, ;) ~¢%§3\\ ---300fb" ]
Comp cmew’can’cg gssentral! © SVA
106 F e N SE;HARM %0) \,~\‘\\ _
. . . E g ‘-2\__/‘~\\_ - Q) N
- results often presented in terms of different mediator masses, ] : Y ) ]
notation and model assumptions - Y e )
’ ’ 10 B
- CDV\IO,BY'th effort to align models and re]sresew’fatww to BT park photon model,
explott complementary ofewergg— and lntensity- 10
’, ’ my (GeV)
frontiers to discover PM/dark-sector
o Direct Detection of Sub-GeV DM

... also with direct-detection

36 mCal.
10736 P, )

Accelerator Targets for Sub-GeV DM

1077

- accelerator-based directly characterize DM particle properties,

explore relativistic DM production o g i
- direct detection explores a combination of DM properties with \
- Thermal DM 3

10—9 L

(my/mar)t

10711 L

[em?)
62 ' D

their cosmological abundance, probe non-relativistic scattering < I : - L
1075 : target region ]
10:5 -o,;%[ ]
& Different type of interactions can be suppressed or % |
enwhawced based on velocity — complementarity ME

my [GeV]
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Hunt for dark matter - in a nutshell
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Hunt for dark matter - in a nutshell

\ ~ particle colliders

benchmark wodels to
Lwterpret the results
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Hunt for dark matter - in a nutshell

- assume Lnteractlon
with SM

D) A
N § c)'\f/(’

'Z;_ ?\(\‘{) .

S LA energy frontier

\(2‘\"'

3 LHC

S

=

-+

? intensity

L frontier

0

— fixed target

2
S — beam duwp

3 .
S

S

3 g \ particle colliders
- _

energy scale or mass \
... PR e

different Lnteractions/signature TEmmeeeT benchmark models to

Lnvestigateol Lnterpret the results
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Hunt for dark matter - in a nutshell

PM nature
(Large reglon of parameter o

space of DM models excluded) e
’

- assume Lnteractlon
with SM

|
I

B
>

energy frontier

LHC

tntensity
—_—
— fixed target

— beam duwp

B
>

tnteraction strength or couptiwg

energy scale or mass

\ ~ particle colliders
*. -

different interactions/signature IR L L b’ewahmar& models to
Lnvestigateol Lnterpret the results
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Hunt for dark matter - in a nutshell

DM nature

(Large reglow of parameter o

space of DM models excluded) e

B
>

tntensity
—
— fixed target

— beam duwp

’
’
1
I

energy frontier

LHC

- assume Lnteractlon
with SM

tnteraction strength or couptiwg

different interactions/signature

energy scale or mass

Lnvestigateol

Eel

B
>

\ ~ particle colliders

benchmark wodels to
Lwterpret the results

skRich PM physics program at LHC

- essential complementarity among experiments and with non-collider searches
- inputs from various signatures (mono-X, resonances, H—inv, visible, ...)

skMany new results/experiments expected tn the near future!

22 Sep 2025

Deborah Pinna - UW

95



Hunt for dark matter - in a nutshell

ré

- To3- XV Wt 5V T

Rl ~.  assume interaction

Awn eye towards the (near) future

guidelines and recommendations for the
benchmark models, tnterpretation, and
characterisation of BSM searches at the LHC

)

T TPUS TTOTT varTouS STYTTAtUTCS (TTTOTTO /N, TCSUTIATTCT S, T 1 7111V, VISIOIT,

skMany new results/experiments expected tn the near future!
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Collider experiments: ATLAS, CMS, LHCb

ATLAS and CMS muL’churpose detectors at LHC

Y
s
3
=

a
3
Q
Q
~
Q
=
-

\Y]
2
)
s
»
v
2
Q
N1
)
Q
[
S
)
-
<
3

energy seale or mass

goals: precision test of SM, search for new physics

particle identification, energy and momenta measurements
trigger system: select events interesting for physics analysis

pp collisions

- run2: 13 TeV, ~140 b1 | runz: 13.6 TeV, already collected ~70fb-1

- wmore than 2.5 million Higgs boson produced!
DM could be produced at colliders (rarve process):
- Lnvisible signature: no direct trace in the detector, but ...

- can be inferred from primbalance (MET)

DM production

- wneed visible particle to which DM particle recoils against “wmono-x”

LHCb at LHC

Electromagnetic

single-arm spectrometer originally devoted to heavy flavour physics, il o
now a general purpose experiment h

Calorimeter

triggers with low pr thresholds, probes rapidity region only partially accessible
to other LHC experiments

excellent vertex, mass and lifetime resolution, particle identification
can operate in collider and fixed target mode

Tracking
Station

Dipole Hadronic  Stations

Tracking lori
Magnet Stations Calorimeter

pp collisions: ~1/20 ATLAS/CMS, reduced Luminosity by offset beam collisions
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Rich new physics program at ATLAS and CMS

& Despite the accuracy of the SM and its predictive power many open outstanding
questions, eg.:

matter-antimatter asymmetry

hierarchy problem
describes only ~5% of the universe, explanations for DM are not provided

gravitational force cannot be included in the current theoretical framework

Big Questions

Big
Ideas

SUSY

Compositeness,
Extra dimensions

Extended
Higgs Sector

Top
Partner

W/Z

Minimal
Dark Matter

Hidden
Sector

Multiverse

[arXiv:1311.0299]
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