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Dark matter, why?

p Different empirical evidence of DM from astrophysical observations at different scales

- first indication from Zwicky’s dispersion velocity measurements of galaxies in Coma
cluster

- existence of DM confirmed by measurements of stars and gas circular velocities within a
galaxy by Ford and Rubin

GM(r)
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p Different empirical evidence of DM from astrophysical observations at different scales

- first indication from Zwicky’s dispersion velocity measurements of galaxies in Coma
cluster

- existence of DM confirmed by measurements of stars and gas circular velocities within a
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Dark matter, why?

p Different empirical evidence of DM from astrophysical observations at different scales

- first indication from Zwicky’s dispersion velocity measurements of galaxies in Coma
cluster

- existence of DM confirmed by measurements of stars and gas circular velocities within a
galaxy by Ford and Rubin

GM(r)
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Dark matter, why?

p Different empirical evidence of DM from astrophysical observations at different scales

- previous examples are based on gravity description, many attempt to explain by
Modified Newtonian Dynamics (MOND)

- from gravitational lensing confirmation of non-luminous matter presence in the universe
» Merging of two clusters of galaxies
- ctars behave as collisionless particles @'—’ ‘_®
(orange and white)
- ntracluster hot gas experiences ram %
pressure, distributed toward the system

centre after collision (pink clumps)
S ke
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Dark matter, why?

p Different empirical evidence of DM from astrophysical observations at different scales

- previous examples are based on gravity description, many attempt to explain by
Modified Newtonian Dynamics (MOND)

- from gravitational lensing confirmation of non-luminous matter presence in the universe

» Merging of two clusters of galaxties

- behave as collisionless particles
(orange and white)
- intracluster hot gas experiences ram

pressure, distributed toward the system
centre after collision (pink clumps)

- From lensing highest mass density
reglons shown by blue regions
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Dark matter, why?

p Different empirical evidence of DM from astrophysical observations at different scales

» Merging of two clusters of galaxties

previous examples are based on gravity description, many attempt to explain by
Modified Newtonian Dynamics (MOND)

from gravitational lensing confirmation of non-luminous matter presence in the universe

behave as collisionless particles
(orange and white)
Lntracluster hot gas experiences ram

pressure, distributed toward the system
centre after collision (pink clumps)

From lensing highest mass density
reglons shown by blue regions

If only visible matter tn galaxies the highest mass concentration would coincide
with hot gas distribution

The observed separation points to presence of collistonless PM. This without
assumptions on gravitational force law description
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What do we know about DM?

B DM characteristics

- stable - on cosmological scale, relic density

- electrically neutral - does not significantly emit, reflect,
or absorb light

- masstve - interacts gravitationally

- wot made of baryons (protons, neutrons) - 25% of our
universe is made of DM from Cosmic Microwave

p A possible DM candidate in the Standarod Model?

10 July 2024 Deborah Pinna - UW
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What do we know about DM?

» DM characteristics

- stable - on cosmological scale, relic density

- electrically neutral - does not significantly emit, reflect,
or absorb light
- masstive - interacts gravitationally

- not made of baryons (protons, neutrons) - 25% of our dark matter
universe is made of DM from Cosmic Microwave

p A possible DM candidate in the Standarod Model?

- neutrinos?

- neutrinos were relativistic when gravity began to
bind large scale structure

- if DM relativistic then larger structure would have
formed earlier in the evolution of the universe

- from observations, dark matter non-relativistic at
the time of galaxies formation
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What's beyond the Standard Model for DM?

RCOQ‘P

(

.

/ W

b Emplrical evidence of M from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral
- no nformation about its nature

. We saw what DM cannot be, but what can be DM?

- most studied class of theories: let's assume DM is a weakly interacting massive particle
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What's beyond the Standard Model for DM?

Recap
b Emplrical evidence of M from astrophysical observations at different scales
- interacts gravitationally, long lived and neutral

- no nformation about its nature

 We saw what DM cannot be, but what can be DM?

.

R - most studied class of theories: let's assume DM is a weakly interacting massive particle

B Assuming PM-SM tnteractions enables different searches:

- tndirect detection,

SM
search for stable final SM products (neutrinos, gamma rays, positrons, &
antiprotons and their antiparticles) from annihilation of DM particles \
- direct detection, - M/

search for nuclear recoils produced in the elastic scattering of DM
particles on nuclei

- colliders,
search for DM particles produced in high energy collisions
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What's beyond the Standard Model for DM?

Recap
b Emplrical evidence of M from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral
- no nformation about its nature

S We saw what DM cannot be, but what can be DM?

—_

R - most studied class of theories: let's assume DM is a weakly interacting massive particle

B Assuming PM-SM tnteractions enables different searches:

- tndirect detection,

search for stable final SM products (neutrinos, gamma rays, positrons,
antiprotons and their antiparticles) from annihilation of DM particles

- mmommomomomow

- direct detectlon,

search for nuclear recoils produced in the elastic scattering of DM
particles on nuclei

L4

- colliders,
search for DM particles produced in high energy collisions
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What's beyond the Standard Model for DM?

Recap
b Emplrical evidence of M from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral
- no nformation about its nature

S We saw what DM cannot be, but what can be DM?

.

R - most studied class of theories: let's assume DM is a weakly interacting massive particle

B Assuming PM-SM tnteractions enables different searches:

- indirect detection, ST / '"“'“"“{""":S"A;\
search for stable final SM products (neutrinos, gamma rays, positrons, . & | e
antiprotons and their antiparticles) from annihilation of DM particles : :/

- durect detection, 5 \ =

search for nuclear recoils produced in the elastic scattering of DM Nt S
particles on nuclei

- colliders,
search for DM particles produced in high energy collisions

%k CompLemew’cari‘cg essenttal: eg. info about lifetime in case of DM

discovery at colliders (~10-’s), particle properties compared with
cosmological constraints
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How can we detect particles at colliders?

inner tracker | calorimeter , magnet | muon system

Muon
\ \

Electron

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

. CERN, Febricry 2004

:

— JBIBEEBEO (...011.), from tracks in inner tracker and energy in calorimeter (track in muon spectrometer)

10 July 2024 Deborah Pinna - UW



How can we detect particles at colliders?

inner tracker | calorimeter , magnet | muon system

Key: |
Muon

Electron

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

CERN, Febricury 2004

1

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

- JPABEBIE from energy deposits in electromagnetic calorimeter
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How can we detect particles at colliders?

inner tracker | calorimeter , magnet | muon system

Key: I
Muon

Electron

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

T
Bamaey, CERN, Febriguy 2004

- electron (muwown), from tracks in inner tracker and energy in calorimeter (track in muon spectrometer)
- photow, from energy deposits in electromagnetic calorimeter

- -from gquarks and gluowns, produced partons hadronize in colour-neutral particles groups, so-called
jet. Parton energy and momentum reconstructed clustering all particles from hadronization
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How can we detect particles at colliders?

inner tracker | calorimeter , magnet | muon system

Key: I
Muon

Electron

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

CERN, Febrisuy 2004

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

- photow, from energy deposits in electromagnetic calorimeter

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

- Dark matter?
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How can we detect particles at colliders?

I dark matter | b

Properties
- stable

- electriea Ly neutral

)

Silicon

Tracker I
Electromagnetic™

- massive

Calorimeter

Hadron

Calorimeter Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers
Tm 2m 3m 4m 5m é6m
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DM signature at colliders

» PM could be produced at colliders (rare process)

- no direct trace tn the detector, but could create a pr
imbalance (MET)
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DM signature at colliders

» PM could be produced at colliders (rare process)

- no direct trace tn the detector, but could create a pr
imbalance (MET)

- conservation of momentum:

- no information about longitudinal momentum of
colliding partons

- but total initial parton p7=0
- need to be conserved after the collision Z FT =0
_ if Z FT! = 0 some particles escaped the detector
carrying l_?)’%’iss — = 2 Do

—
- | ETY| = missing transverse energy (MET)
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DM signature at colliders

» PM could be produced at colliders (rare process)

- no direct trace tn the detector, but could create a pr
imbalance (MET)

- conservation of momentum:

- no information about longitudinal momentum of
colliding partons

- buct total initial parton p7=0
- need to be conserved after the collision 2 _p>T =0
_ if Z ?T! = (O some particles escaped the detector
carrying E’}”‘iss = — 2 Dr

—_> .
- | ETY| = missing transverse energy (MET)

B to see the nvisible we need the visible ...
- need vistble particle to which DM particle recoils against

- “mono-X searches”. X includes jets, vector bosons, top, ...
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Dark matter phenomenology: guess “who”

kuuuuuun

B We do not have information about the DM nature, how to discover DM?
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Dark matter phenomenology: guess “who”

kuuuuuuw

B We do not have information about the DM nature, how to discover DM?
- we can remain very general and make very Little assumptions

- eq. for this board: “is it a 2D shape?”
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Dark matter phenomenology: guess “who”

I' LJLJLJIJL]IJF“]

B We do not have information about the DM nature, how to discover DM?
- we can remain very general and make very Little assumptions

- eq. for this board: “is it a 2D shape?”
- we can make be make more assumptions and tests more specific models

- eg. for this board: “is it a 2D shape, yellow color and with only 90° angles?”

10 July 2024 Deborah Pinna - UW
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Dark matter? phenomenology at colliders

simpler
(less parameters) Beyond SM wmediator
1 X(mow) - one new wediator (sptn-1 or spin-0), one DM particle
SLM‘PLL{LCU[ Med(Mmed) [4] ( P P ). P
models: | % gom - set of parameters (Mowm, Mmed, 9q, gom)
SM/BSM q X o vector ' axial-vector
wediator [a] é _ : - 5 @ ch Xtoi bk
V. gH ,‘ A Gy ~)- choose X to increase xsec or bkg
‘a .Z wd7 4 Z wdyr \ rejection
) q : q
Q) scalar : pseudoscalar |
] 1 . N g . .
< i el ﬂ 7 50 - choose X to exploit coupling o< to
‘3_ ‘\/§ Z.ff :‘\/§ Z.f’}’ / @ quark mass (or increase xsec)
v f : f

more complex
(more parameters)
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Dark matter? phenomenology at colliders

simpler
(less parameters)

Begowd SM meediator
X(mom)

, , —- one new mediator (spln-1 or spln-0), one DM particle
SLM‘PLL{LCO[ Med(m d) [q] (P P ) P
models: - set of parameters (Mpwm, Mmed, gq, goMm)
SM/BSM o vector axial-vector
wedLator [q] 2 hoose X t bk
V ‘ A choose X to increase xsec or bkg
3 .Z gt Z AT 72 e
)
Q) scalar " pseudoscalar
| U
< 5 / 7choose X to exploit coupling « to
‘Z_ ‘f Z.ff ‘ Z.f’}’ f quark mass (or increase xsec)
)
DM Higgs portal DM

.......... - the SM-DM wmeediator coula be the Higgs boson (spin-0)
- Higgs decay branching fractions not yet sufficiently constrained

more complex
(more parameters)
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Dark matter? phenomenology at colliders

simpler
(less parameters)

Begowd SM meediator

X(?;?M) - one new mediator (spin-1 or spin-0), one DM particle

moolels: g goM - set of parameters (Mpm, Mmed, 9q, goMm)
SM/BSM X

q
Simplified / _ Med(mumeq)

axial-vector

, - 5
mediator [a] : - : 5 @ choose X to i bk
§- .Z V,.qv"q .‘Z A, gyPySq ~@-choose X to increase xsec or bkg
0 : q

rejection

pseudoscalar
\

l : y N . .
e v Froa ﬂ 7 50 - choose X to exploit coupling o< to
‘5;1_ ‘\/§ Z.ff E‘\/§ ;.f/y / @ quark mass (or increase xsec)

DM Higgs portal DM
: ngg§ ....... < - the SM-DM wmeediator coula be the Higgs boson (spin-0)
> DM - Higgs decay branching fractions not yet sufficiently constrained

Complete /

----- SUSY moolels

models: ¢

£0). MSSM ‘\\

more complex
(more parameters)
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How do we search for DM at colliders?

RBOD(‘P

- DM could be produced at colliders, rare process

- long lived and neutral, will appear as MET

Reminder:
- phenomenology, eg. simplified model vector axial-vector

@>_V.ar'a |@)_ A
q q

x choose X to Lincrease xsec or bkg

> Stgnature: which DM process we want to study?

- X vistble particles, which decays?

scalar pseudoscalar

- allow to identify main characteristics of process of interest

RS PR Y
( ) ] 0;20/6,20"

% choose X to exploit coupling = to

quark mass (or increase xsec)
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How do we search for DM at colliders?

Reca‘P
- DM could be produced at colliders, rare process

- long lived and neutral, will appear as MET

<

> Stgnature: which DM process we want to study?  ominde
WLLWAEY:

vector axial-vector
@>_ Ve | @2 A
q q

x choose X to Lincrease xsec or bkg

- phenomenology, eg. simplified model

- X vistble particles, which decays?

- allow to identify main characteristics of process of interest ¢ ch.ff ‘ﬁe‘gﬁ]’;f
( ) Edl B V22
% choose X to exploit coupling = to
quark mass (or increase xsec)
example DM
9x
q g A4
q , -
DM Pre-selection =0
v - large values of MET (from M), 1 jet with

high pt (for energy conservation), no jets

. /% J ot from b-quarks
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How do we search for DM at colliders?

Reoa‘P
- DM could be produced at colliders, rare process

- long lived and neutral, will appear as MET stgnal

gx >
9q

B 1- Selection

- many SM processes can have similar characteristics (or a
fake them) as the signal - sm background Ed bkg
v

10 July 2024 Deborah Pinna - UW
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How do we search for DM at colliders?

Recap
- DM could be produced at colliders, rare process
- long lived and neutral, will appear as MET 5,’,9,,\,“[ .‘ ‘
MET
p 1- Selection L
Jet
- many SM processes can have similar characteristics (or s 2
fake them) as the signal - sm background Edl bkg 77T
MET
: jet

------
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How do we search for DM at colliders?

Rr,cap
- DM could be produced at colliders, rare process

- long lived and neutral, will appear as MET signal

B 1- Selectlon

- many SM processes can have similar characteristics (or
fake them) as the signal - sm background Edl bk

- these SM processes are much more probable than signal

- require additional criteria to enhance the signal vs
background - stgnal region (SR) Edl

10 July 2024 Deborah Pinna - UW
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How do we search for DM at colliders?

Recap
- DM could be produced at colliders, rare process
- long lived and neutral, will appear as MET signal
TMET |
p 1- Selection L
Jet
- many SM processes can have similar characteristics (or et
fake them) as the signal - sm background Edl bkg ST
- these SM processes are much more probable than signal EMETE
- require additional criteria to enhance the signal vs ; E
backaround - stgnal region (SR) Ed Jet .
SOECMS  a o B D Baies|  SPWICMS  meiior, muw. Ow Hwis| 8 'OFCMS  miner O Do B
21400 Preliminary ~ Mti(1]) [tic2l) 1) Preliminary — @tt(11) Ott(2) o 160 Preliminary  @tt(1)) L)
§1200 ’ ps:M 1GeV, %2000 __ps: M 1GeV, 100 ﬁ 140 7 ot M, 1 GeV,
i (_ M, 100 Gev  *100) o M, 100 Gev *100) 2 100 (_M¢100 ey (20)
1000 S

—

o :
1, S
o .
S

RIS

3.33 250 300 350 400 450
ETmiss) E™'sS [GeV]

Data / Bkg
e
.
.
*
.
.
—o—
——
i
Data / Bkg

o
o

. . . . . é
200 250 300 350 400 450 . . 2
ET*° [GeV] A ¢
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How do we search for DM at colliders?

Recap
- DM could be produced at colliders, rare process
- long lived and neutral, will appear as MET signal
TMET |
p 1- Selection L
Jet
- many SM processes can have similar characteristics (or et
fake them) as the signal - sm background Edl bkg ST
- these SM processes are much more probable than signal EMETE
- require additional criteria to enhance the signal vs ; E
backaround - stgnal region (SR) Ed Jet .
SOECMS  a o B D Baies|  SPWICMS  meiior, muw. Ow Hwis| 8 'OFCMS  miner O Do B
21400 Preliminary ~ Mti(1]) [tic2l) 1) Preliminary — @tt(11) Ott(2) o 160 Preliminary  @tt(1)) L)
§1200 ’ ps:M 1GeV, %2000 __ps: M 1GeV, 100 ﬁ 140 7 ot M, 1 GeV,
i (_ M, 100 Gev  *100) o M, 100 Gev *100) 2 100 (_M¢100 ey (20)
1000 S

—

o :
1, S
o .
S

RIS

3.33 250 300 350 400 450
ETmiss) E™'sS [GeV]

Data / Bkg
e
.
.
*
.
.
—o—
——
i
Data / Bkg

o
o

. . . . . é
200 250 300 350 400 450 . . 2
ET*° [GeV] A ¢
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How do we search for DM at colliders?

Reaa‘P
- DM could be produced at colliders, rare process

- long lived and neutral, will appear as MET

B 2- Background

- DM production is a rare process. We need a precise modeling and evaluation of SM bkg
in SR essential to “see” the signal

Bol
- Achieved through use of multiple control regions (CRs)

- CR definition: similar to the SR, good purity in bkg we want to check, no signal

> 90 < Daa WQCD mZ—I @Zow
8 80 CMS W Single Top WtV [COVV [OW + Jets
S Preliminary — @t(11) otr(21)
- , , 2
> 180 -»-Data EQCD @MZ—ll @Z—vv S
15 CMS WSingle Top WtV [DVV [OW +Jets tt (1L) o
Q 1601 Preliminary ~ mEti(1)) mtt(2)
- 140 _ ps: MX 1 GeV, 20) >
% 120 M, 100 GeV e
g >1000F + Data IQCD mZ=I @Z—w
g 100 &k CMS WSingle Top WtV VWV W +Jets
- imi 1l 2l
g 1'55 + gmoo__Pre//m/nary @t(1) ot
= g1 n -
© . S
A 200 250 300 350 400 = 0 600
400F
2 1.5 ; ‘ ‘ ‘ ' = 200:
o B S ++ ______________________________________ -
N AR I (N :
[ r n
% 05 ‘ ‘ ‘ 21
A 200 250 300 350 400 450 B
ET** [GeV] 5
w 0.5°-
8 200 250 300 350 400 450
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How do we search for DM at colliders?

rReca 4 / ** DM signal X
P N * SM bkg

- DM could be produced at colliders, rare process \< R

4

MET

Tag oM bk CRs
- X

- long lived and neutral, will appear as MET

B 3- Results

- DM appears as excess of events in MET tall in SR wrt
SM backgrounad

- no very striking signature, eg. mass peak, mr
Kinematic endpoint

- excess of events in data. Did we find DM?

- no excess, interpret result in terms of model parameters

Experimental challenges

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

% MET thresholds affected by trigger (very high collision rates)
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Simplified models

Sigwnatwre: large MET and 21 high-py jet/vector boson

mono-jet

~

Reminoer:

vector

axial-vector

@>_V.orta (@) Ay
q q

% choose X to Lncrease xsec or bkg rejection

scalar

pseudoscalar

¢ | i -
0, Y0 0, e

% choose X to exploit coupling = to quark

mass (or Lnerease xsec)

%k CMS:EXO-20-004 (2016-2018)

%k selected results


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

DM+jet/V search

& CMS: EX0-20-004

» 1 - Selection: events categorized based

on jet nature

WMOono-V E
* MET > 250 GeV § .
1 < \
% =1 jets, pr(j1) > 250 GeV
DM . . . . DM
PIrd %k machine learning technique to : IS
, . : . . )
. DM identify V hadronic decays : 2 DM
%k categories based on MVA :
(large-cone 4o, : ¢ [amall-cone j,
J ZZ?}:o.g?"‘ score : 4 R=0.4]
%k jet mass consistent with V :
) stagnal reglon mono-Vv
P 2- BR@ 9 9 59.7 b (13 TeV)
> 40t
- Z(vv)+jets and W(lv)+jets from CRs & Z s oo Do o
§102 2018 DTOPquark DQCD

B =2- Results: combined fit of SRs, CRs

- systematic unc. included as nuisance
parameters

Ee
% Ercfut: as from simulation

%k post-fit: after allowing simulation to vary within
unc and the scaling factors from CRs

10 July 2024

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

m, =1GeV
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1072
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oo ==
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(Data-Pred.) Data / Pred.

o
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mowaj&t

%k not selected as mono-V
% =1 jets, pr(j) > 100 GeV
% b-tagged jets veto

signal reglon mono-jet

59.7 fb™ (13 TeV)
T

T I T T T I T T
CMS Preliminary

Monojet
2018

T I T T T T T I T T T
-+- Data . Z(vv)+jets
D W(lv)+jets . WW/ZZ/WZ
l:l Top quark l:l QCD

€403
L H(inv), BR = 25%
102 Axial, m = 2TeV
m, =1 GeV
10
1
10"
1072
S 14 [ [ T [ I
s 12
35 1
£ 08
8 06
Bl 2
G0
400 600 800 1000 1'200 1400
p?'ss [GeV]
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DM+jet/V search

& CMS: EX0-20-004

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

.--Simplified psewdo model ..

~

95% exclusion limits on p

A

_L
A

-
o
=)

g X

I
0q
O
3

CMS Preliminary 137 fo~!, 2016-2018 (13 TeV)
B tr rr

T L e

[ - Expected
I —e— Observed
Expected + 2 s.d.
| - Expected + 1 s.d.

Pseudoscalar mediator |

PP = XX+ / Z(qq) -
mpm = 1 GeV, gq=1.0,9,=1.0

el b e
0 100 200 300 400 500 600 700 800

Mmed (GeV)

A

A

~

~
N mommommomomomEEOE W OE W W W W W MWW MW W W WM WM WM M WM WM MMM N EEEEEEEmE S

-

%k W=0/0y, wW=1 exclude the theory value, <1 exclude

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

%k parameter: cannot scan all parameters at once. Fixed
ones only affect xsec but not kinematic (selection)
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DM +_[et/V SearCh § CMS: EX0-20-004

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

.--Simplified psewdo model ..
4 X “

~
Q

-

A
|
0Q
O
i

CMS Preliminary 137
I B B BN
| -© Expected
- —e— Observed

| 0 Expected £ 2 s.d.
Bl Expected + 1 s.d.

fb~1, 2016-2018 (13 TeV)

10° T

95% exclusion limits on p
S
o

Psel doscalar mediator |
PP — XX+ / Z(qq) 1
mpy = 1 Ge'/, gq=1.0,04=1.0

- E E E E E E N EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE == E N,

~
T omomomom o o E E O O O S M B B B B BN B BN B B BN BN BN BN BN BN BN N B BN BN BN BN BN M M M M e o

[} [} [} [} \ | TR | L | TR
1} 0 100 200 300 400 500 600 700 800
¢ Mmed (GeV)

~

%k W=0/0y, wW=1 exclude the theory value, <1 exclude
below theory value, u>1 does not exclude theory value
%k parameter: cannot scan all parameters at once. Fixed

ones only affect xsec but not kinematic (selection)
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DM+jet/V search § o 020001

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

.- Sumeplified axial-vector model .

.--Simplified psewdo model ..
. N

~
Q
N
.

-

i

’

' ' ' .
[ . ' 1
1 . 1 1
! | | :
1 [ 1 1
! 1 1 .
! | | 1
! 1 1 .
! 1 1 .
! | | 1
! 1 1 .
! 1 1 .
! | | 1
: ' . :
g 1 1 1
! | | 1
! 1 1 .
: : " CMS Prelimi 137 fb-', 2016-2018 (13 TeV :
| - 1 CMSPrimnary 19717, 20162018 (13Te P o CMSPelnney TR BEHEIIT i
. :C" [ o Expected ' ' 1400 Vector mediator e 3!
. ° | —e— Observed ! - - 9q=0.25,0¢=1.0 S
2 ! =T 2016 observed 1 [ Hoe67 2
! = Expected + 2 s.d. 1 ' £ 1200 = =3
: = | mm Expected + 1 s.d 1 1 - 2016 median expected . g 1
5 | p +1s.d. : ! [ --- Median expected 11 £
. 2 ! 1 10001~ —  Observed > 7 0333 5 4
= 1 1 . - D 1
1 Q 1 P P 68% Expected S
. o ' ! 800} L
PR ! ! - 0.000 2 1
EO 100_ 1 1 o ,
! o N 1 1 - o1
' - 1 ' 600 Q
1 1 1 - Q,
' ' ' i -0.333 7 4
. . . 400 o
1 1 1 i g 1 i &\: ]

1 ] B A g 1
' Pseudoscalar mediator . . 200l A $ 1 -0.6670> 1
' PP = XX+i/ Z(qq) ! ! 7 '
' mpu = 1 GeV, gq=1.0,g4=1.0 ' ' K 1 .
' B T : . 500 2500 _ 300 000 ¢
. 0 100 200 300 400 500 600 700 800 ' " Mmed (GeV) !

“~ mmed (GeV) . L4 \‘~ "
—| AR LR L e = :| e h L mmmEmEEEEEEEEEEE e e e e e e .- ‘
% W=0/0u, w=1 exclude the theory value, <1 exclude %k here u=0/0y, tn on z axts (notice here Logy, (1))

below theory value, u>1 does not exclude theory value % Paravaeter: heve we scan 2 parameters at the tine

%k parameter: cannot scan all parameters at once. Fixed
ones only affect xsec but not kinematic (selection)
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DM+jet/V search

& CMS: EX0-20-004

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

.--Simplified psewdo model ..

~

- E E E E E E N EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE == E N,

%k W=0/0y, wW=1 exclude the theory value, <1 exclude
below theory value, u>1 does not exclude theory value

= 10! T T
S | -© Expected
» - —e— Observed
k= I Expected + 2 s.d.
i Bl Expected + 1 s.d.
el i
(2]
=}
I3
X
)
N
0l
g 10 '
seudoscalar mediator |
PP — XX+j/ Z(qq) |
mpu = 1 GeV, gq=1.0,g4=1.0
107"

g X

i

CMS Preliminary 137 fb-!, 2016-2018 (13 TeV)
BN e
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%k parameter: cannot scan all parameters at once. Fixed
ones only affect xsec but not kinematic (selection)
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.- Sumeplified axial-vector model .

.

|
-

0Q
o
i

CMS Preliminary 137 fb~', 2016-2018 (13 TeV)
IR ES E S S NS N S
1400l-  Vector mediator |
[ gq=0.25,g4=1.0
1200} 2016 observed ]

2016 median expected
| --- Median expected
1000~ — Opserved

| i 68% Expected

800}
600}
400}

200 3

0 500 1000

7 —1.000

0.667

1 0.333
0.000

-0.333

95% CL upper observed limit on log1o(H)
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. éOOO -1.000
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--------------------------------------

% 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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DM +jet/V: interplay with direct detection § CMS: EX0-20-004

B 32- Results: Lower Limits at 90% CL on interaction cross section between DM candidates and the nuclei

CMS Supplementary 137 fb~! (13 TeV) CMS Supplementary 137 fb~' (13 TeV)
a ‘ tor T ‘ tor T ‘ tor T S ‘ ‘ PETE ‘ L ‘ L
= Vector mediator, Dirac DM =
S 1097 ™ g4=0.25, gpy=1.0 i S 10
S — Xenon1T 2018 S
§10_39 — Cresst-ll | §10_39_
< —— CDMSlite <
o) 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 L \\\\\\I L L \\\\\\I L L \\\\\\I —47 L L \\\\\\l L L \\\\\\l 1 L \\\\\\l
10700 10 102 108 107400 10° 102 108
mpwm (GeV) mpm (GeV)

%k DM particle non-relativistic: dominant DM-nuclei interactions described by spin-independent and spin-
dependent scattering cross section

%k vector/scalar mediator lead to a S/ interaction comparisons
recommendations

%k axial-vector/pseudo-scalar lead to SD interaction [arXiv:1603.04156]

sk comparison is very model dependent
% DD bounds may be valid for multiple models, LHC limits hold exclusively for considered simpl. model
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DM +jet/V: interplay with direct detection § CMS: EX0-20-004

B 32- Results: Lower Limits at 90% CL on interaction cross section between DM candidates and the nuclei

CMS Supplementary 137 fb~1 (13 TeV) CMS Supplementary 137 fb~1 (13 TeV)
&\ : S S| : i | : v T &\ ‘ ‘ | ‘ e e | ‘ L
e . Vector mediator, Dirac DM =R
3 10 37 b gq=0.25’ gDM=1.O _| 8 10 37| \ \ / _|
S — Xenon1T 2018 S
%10_39i\ sl . %10-39% \ /
= ‘ CDMSilite = e
o) LUX )
10—41 | _| 10—41 | _|
/
10—43 | ] 10—43 | ]
_— Axial mediator, Dirac DM
- gq=0.25, gDM=1 .0
1045 _ 1045 — Pico 2L |
— Pico60
Spin independent 90% CL Spin dependent — Picasso 90% CL
—47 L L \\\\\\I L L \\\\\\I L | \\\\\\I —47 L L \\\\\\l 1 1 \\\\\\l 1 L \\\\\\l
107400 10! 102 103 107 o 10' 102 103
mpwm (GeV) mpwm (GeV)

%k DM particle non-relativistic: dominant DM-nuclei interactions described by spin-independent and spin-
dependent scattering cross section

%k vector/scalar mediator lead to a S/ interaction comparisons
recommendations

%k axial-vector/pseudo-scalar lead to SD interaction [arXiv:1603.04156]

sk comparison is very model dependent
% DD bounds may be valid for multiple models, LHC limits hold exclusively for considered simpl. model
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Simplified models

simpLLﬁed vector model

q W, Z
g,=0.25

/
gom=1 z

q X

p low sensitivity to off-shell region due to

m, [TeV]
~

strong reduction of production cross-section 0.8

B Can we recover the sewsitivitg?
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%k ATLAS:ATL-PHYS-PUB-2021-006

|

Vector mediator, Dirac DM
gq=0.25,9=0,9,~1

lllIlllIlllIlllIlllllllIlllllll

25 3 35 4
my. [TeV]
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Simplified models

simpLLﬁed vector model

q W, Z E
2:=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 sewsitivitg?

\ Ly
l@i vistble decays
Wk

X q

M/§SM<
7 X

—_
N

0.8

0.6

0.4

0.2

k ATLAS:ATL-PHYS-PUB-202 |

-006

v 1 5T T

|

Vector mediator, Dirac DM

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

lllIlllIlllIlllIlllllllIlllllll
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Simplified models

simpLLﬁed vector model

%k ATLAS:ATL-PHYS-PUB-2021-006

L 1 .6 T L L L I 1
q W, Z E i .ﬁu‘s Preliminary ]
gq=0.25 E{ 14 — =13 TeV, March 2021 . ]
/ i bb resonance [ .
— Z 1.2+ —
gom=1 =h A
q X 1: 7]
e . ] v 27 ]
e low sensitivity to off-shell region due to i 57 §
: : . - N i
strong reduction of production cross-section (.8H @:@ - —
: A i
- 7 -
Id Id ’ - Ve ]
B Can we recover the sensitivity? 0.6F 2 )
‘@ (el ; Dijet -
~@i visible decays 0.4 y —
ik X q B / - g Vedtor mediator, Dirac DM -
goM gq O-ZE S | 9g=0259=0,g =1 ]
W\/( > ,\,v\,.< LI ﬂ Lo All Iif-its at 95% CL ’
7 X Z q 0 05 1 15 2 25 3 35 4
mz [TeV]
oS TTTEEs o m s s e . Dijet = tf resonance ET™+X
’ b 3 wediator “ , Dijet, 139 fb” 36.1fb" E™*+jet, 139 fb’
l' - narrow resonance : Dbd WE e)(cL[,(_de JHEP 03 (2020) 1}5 EPJC 78 (2018) 565 arXiv-2102.10874
1 — Dijet TLA, 29.3 fb - E™*4+y, 139 fb’
— . 1 PRL 121 (2018) 081801 = bb resonance arXiv-2011.0525
18q= - wide resonance . already e
. : eVer tl’li«l/\/ 2 PLB 795 (2019) 56 JHEP 03 (2020) 145 J;{EP " (20'18) '180
“ 7 H 9 : Boosted dijet+ISR, 36.1 fb” E™=, Z(1). 36.1 b
Y ettt et fef bt t et e ee e . e PLB 788 (2019) 316 PLB 776 (2017) 318
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Boosted di-b+ISR, 80.5 fb™

ATLAS-CONF-2018-052
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Simplified models

simpLLﬁed vector model

%k ATLAS:ATL-PHYS-PUB-2021-006

q W, Z E i
g,=0.25 o 4
/
gDM=I Z 1.2
q X

p low sensitivity to off-shell region due to
strong reduction of production cross-section 0.8

IIIIIIIIIIIIIIIIIIIIIIIIIIII

é‘liTLrS Preliminary: /
1 =13 TeV, Mdrch 202

!

7/

bb resonange..

T
/

N\

2
AN
IIIIIIIIIIIIIIIlIIIIIIIIIIIIIII

T T T
/

/

. /

Vector mediator, Dirac DM
gdq = 0.1 gl =0.01, gX =1
All limits at 95% CL

B Can we recover the sewsiti\/ita? 0.6
\\ ( / I d Id %
~@i visible decays 0.4 |2
Wk
X q
gDM gq 02
—\/\/\/( > ’\/\/\/.<
A X A q 0 0

- % wmediator ) Ky .

: __ - narrow resonance Dld we exclude

: gq_ - wide resonance already

' : : lng? NO!

"\ %k Lwtermed changes K eVBVUthLWQ NO
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Dilepton

139 fb™’

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%4+y, 139 fb

arXiv:2011.05259
ET+jet, 139 b~
arXiv:2102.10874
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Simplified models ...

... many more mono-X

=

Reminoer:

vector axial-vector
@>_V.orta (@) Ay
q q

% choose X to Lncrease xsec or bkg rejection

scalar pseudoscalar
& | iA _
05 0|05 8

% choose X to exploit coupling = to quark

mass (or Lnerease xsec)

mono-H( \MN)Z

Wa:eY v

mono-H(ZZ)
L

Z@Az

%k selected results



€

Reminder:

» Higgs decay branching fractions
not yet sufficiently constrained
- in SM, H—inv ~0.1%

- direct coupling H-DM will

Simpliﬁed m Odels: enhance H invisible decays

Higgs boson portal DM

~
~
~
~
~
~.
~

%k selected results



Higgs: a portal to the invisible? § oS atisos 37

B PM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM Higgs e
- gluon fusion (MET+]) oYY
- associated VH (meT+vV)
%k vector-boson fuston (MET+2jets)
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Higgs: a portal to the invisible? § oS atisos 37

B PM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM Y
- gluon fusion (MET+]) A NGy
- associated VH (MeT+V)
% vector-boson {usiow (M6T+:2J’ets) ---------------------------------------------- R .
n 1
p 1- Selectlon: T

Vv

- 2 jets (large |4nj|, small |[4®j|), MET > 250 GeV

B 2- Bhg:
- V+jets main bkg from CRs

Experimental challenges

%k precise estimation of bkg mj shape distribution, signal as excess of events at large m;

%k excellent calorimetry in forward region to measure jets

~ -
...............................................................................................................
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Higgs: a portal to the invisible? § oS atisos 37

B PM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM
- gluon fusion (MET+])

- associated VH (meT+vV)

3k Vector-Doson fUSLON (MET+2JEts) «-ounmmummmioiiii T

~
-

497 (7 TeV) +19.7 " (8 TeV) + 38.2 b (13 TeV)
s 1 | I
(9p]

B 3- Results:

- combined fit of SRs and CRs to mj;

- upper limits on on cross section x
probability to decay to tnvisible particles
(branching ratio - BR) £l

o

©
@)
=
w

—e— Observed

o
o)

--©-- Median expected

o
N

- 68% expected

95% expected

o
~

o
»
TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT

o
(&)

95% CL upper limit on o x B(H — inv)/c
o
o1

e W EEEE N EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE == E e,

- T T T E SRR SR E R EEE D, -~ 02
\g LN
v BR(H—lnv) <0.19(0.15) obs(exp.) ! o
Y e e e e e e e e e e e e e e e e e o an? .
0 I I
| Combined 7+8+13 TeV Combined 13 TeV Combined 7+8 TeV

~ -
...............................................................................................................
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Higgs: a portal to the invisible? b onsaalsonaso

B PM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

’ ’ Id X DM

B Hggs production as tn SM
- gluon fusion (MET+))
| J N\ DM
- associated VH (meT+vV)
3k Vector-00son FUSLON (METH2Jets) - -nnmrmmmmmee i i

. 4.9 o™ (7 TeV) + 19.7 b (8 TeV) + 38.2 fb (13 TeV)
1 C\'|_| 10_ 7 T T L T{ T T T T TT I| T T T T T 17T ?
© b 3- Results: 5 - CMS 90% CL limits :
: o , s B(H— inv)<0.16 1
5 - upper limits on on cross section x S 4ol Blos-portal modsls 3
proba b'LL'Lt@ to decay to Lnvisible particles 505 10_402? W Forrrion DM ?
: (branching ratio - BR) uF Scalar DM :
: 107 : : E
' - Direct detection 3
E , ., 1072 £ ; XENON-1T 5
; - translated tnto a spin-tndependent PM- F \ - —LUX ;
' , ' , ' ;. e ‘ —— PandaX-Il -
: nucleow elastie scattering xsee lLimtt 10 \ _ CEnMZL“e
: 104 \ —— CRESST-I
: %k mpwm smaller than half of mu R — CDEX-10
1 10_4 E
: % interaction between DM and nucleus N —
i mediated by H exchange E
: 10—47 1 1 Ll
' 1 10 10° 10°
3 m, [GeV]

~ -
...............................................................................................................
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Summary

assume weak
. Lnteractlon
v with sm

K particle colliders

benchmwark wodels to
Lwtcrpret the results
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Summary

assume weak
. nteraction
v with sm

q / X(M 7
[q]

Med(Mmed)
gq gDM t

.

)Y \ particle colliders

------ - benchmwark wodels to
Lwtcrpret the results

different Lnteractions/signatire
Lnvestigated
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Summary

assume weak
. nteraction
v with sm

DM nature R
(Large region of parameter P

X4
space of PM wmodels  ,°

' v
q X(M
Med(Mmed) [a]
gq gDM

X

q AT
: v DM
Higgs .. »

K particle colliders

benchmwark wodels to
Lwterpret the results

. L

-~
L} -
" e g mm=™

different Lnteractions/signatire
Lnvestigated
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Summary

assume weak
. nteraction
v with sm

DM nature R
(Large region of parameter P

X4
space of PM wmodels  ,°

' v
q X(M
Med(Mimed) [a]
gq gDM \ ¢
q L
: - DM
H'ggs .......... I} : : ’
)Y particle colliders

benchmark models to

different Lnteractions/signatire )
tnterpret the results

Lnvestigated

skRich DM physices program at colliders

- essential complementarity with non-collider searches
- inputs from various signatures (mono-X, resonances, H—inv, ...)
- supersymmetry can be a dark matter model too

skMany new results with Run-z data are expected!
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Di-lepton high-mass resonances
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