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What do we know about dark matter?

» EBwmpirical 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

- only measured gquantitative property Ls tts mass abundance

- very large set of possible DM masses can account for observed final relic density
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What do we know about dark matter?

» EBwmpirical 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

- only measured gquantitative property Ls tts mass abundance

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

MeV qev Tev
1 1 1 > DM mass
. ' ' scale
| fesme o dark sector 77077 >
wnteractions
with SM light DM WIMPs
l *thermal production
S
§ B Thermal DM must have some non-gravitational tnteractions with SM particles
8
Q Mev-Gev. Gev-TeV.
X . . . .
Q - avoid DM overproduction with new - WIMP models, DM itself can have
mediator below weak scale small couplings to SM particles
* explain tts production - new state must have suff. small - most minimal scenario, no other
andl prevequisite for SM coupling for consistency with new particles or interactions
detection required

collider searches

- dark sector: DM and wediator part of a separate “dark sm” with portal link to SM,

can be fairly minimal or with composite dark sectors
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How can we study DM interactions with SM?

e Where and how to Look? D 4
g ’ 09 -
Mev-GeV: = Wy
a1tV g—- o\”w? eneroy frontier
’, \l\l A 4
- suff. small SM coupling and below weak scale S > v
- — high-intensities S
<
) 4
Qev-Tev: D | intensity &
- extenst of the SM at the gev-Tev scal v fronti
extenmsLons Gev-TevV scale b rowntLer Mev- Gev sector Less
- — hwgh-energies é’ — fixed target constrained. Can
S — beam dump adodress many open
- dark sector mediators could be heavy, light, and/or long-lived B physics problewms
N
* can have rich connections and complementarity between type 3 >
of experiments §
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energy scale or mass

B Assuming DM-SM interactions enables different searches:
- wndirect detection, products from DM annihilation
- direct detection, nuclear recoils from DM-nuclei scattering

- colliders: DM production

%k Complementarity essential: eg. info about lifetime in case of

DM discovery at colliders (~10-7s), particle properties compared SM SM
with cosmological constraints
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Dark matter phenomenology

b lntensity frontiers: Mev- Gev

- dark sector’s small couplings to SM makes it
challenging to detect, but ... guides towards
allowed relevant interactions:

%k vector: mediated by a dark vector boson (dark
photon) that mixes with SM photon

* scalar: mediated by a new scalar dark Higgs

mixing with the SM Higgs boson, which leads to :
couplings to fermions. :

* fermion: mediated by a heavy neutral Lepton
(HNL) that can mix with SM neutrinos

* psewdo-scalar: a axion-like particle can have
couplings to SM fermions or gauge bosons
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Dark matter phenomenology

B twtewsitgj frontiers: Mev-Gev p Bnergy frontiers: Gev-Tev

Specific models:

- dark sector’s small couplings to SM makes it Simplified models: e. 2 Higgs ~ Cowplete models:
. - S S Lat 9. MSSM
challenging to detect, but ... guides towards M/BSM medlator  poublet Model 9
allowed relevant interactions: . = & e e
S\\”(\p ometeYS\ . ..{;". mo(‘e ,POT Omet

QeSS \)OY U’no(e

%k vector: mediated by a dark vector boson (dark

photon) that mixes with SM photon Simplified models

i , - one new mediator (spln-1 or spin-0), one PM particle
% scalar: mediated by a new scalar dark Higgs WE neEW e (spin pPLn-0), one DM p

mixing with the SM Higgs boson, which leads to
couplings to fermions.

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

vector axial-vector

@>_ A1’
_________________ ® __.____. interaction type define
scalar *  pseudoscalar most sensitive signatures

¢ s e GA z5
‘E;.ff:‘ﬁzf:‘f’y /

- Higgs bosown could be the SM-DM meediator

=[]
=~
S|
=
<

* fermion: mediated by a heavy neutral Lepton
(HNL) that can mix with SM neutrinos

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

spi,w—o sp'w»—:l_
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Dark matter phenomenology

B twtewsitgj frontiers: Mev-Gev p Bnergy frontiers: Gev-Tev
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%k vector: mediated by a dark vector boson (dark

photon) that mixes with SM photon Simplified models

* scalar: mediated by a new scalar dark Higgs

mixing with the SM Higgs boson, which leads to :
couplings to fermions.

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

vector axial-vector
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* fermion: mediated by a heavy neutral Lepton
(HNL) that can mix with SM neutrinos

% interaction type define
scalar *  pseudoscalar most sensitive signatures

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

spiw—o sp'w\,—:l_

- one new mediator (spin-1 or spin-0), one DM particle
i PR R
. @ Efj.ff @ 7 ;va f
! - Higgs bosown could be the SM-DM meediator
sigwatures:

- Lnvistble: production of DM through the decay of a portal/SM particles

- vistble: dark mediator particles can decay back to SM particles (especially if sector’s lightest state)

- olLspLaced (Long-Lived): production of dark sector particle with significant lifetime that decays visibly to SM
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Collider experiments:ATLAS, CMS, LHCb (e
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ATLAS and CMS muL’churpose detectors at LHC

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 (rare 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”
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Collider experiments: ATLAS, CMS, LHCb

ATLAS and CMS muL’churpose detectors at LHC
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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

Muon

Dipole Hadronic  Stations

Tracking lori
Magnet Stations Calorimeter

pp collisions: ~1/20 ATLAS/CMS, reduced Luminosity by offset beam collisions
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How do we search for DM at colliders?

** DM signal
N * SM bkg \

1- Selectlion: DM appears as excess of events tn MET tail wrt SM (or peak) St
. _ . : : . SR
- Lnvistble: no striking signature, eg. mass peak, mt kinematic endpoint
- look for excess in region enriched in signal (sigwnal region - SR) ME?
‘ SMb
i X X i i **'F*_ -}-data @ CRs

2- Bkg: precise modeling, evaluation of SM processes Ln SR essential *ay

- achieved through use of multiple control regions (crs) MfT‘\iTt:"g

3- Results: Compare SM preolictiows with data

- excess of events in data. Did we find DM?
- no excess, interpret result in terms of theory model parameters
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How do we search for DM at colliders?

** DM signal
N * SM bkg \

data

1- Selectlion: DM appears as excess of events tn MET tail wrt SM (or peak)

. _ . : : . SR
- Lnvistble: no striking signature, eg. mass peak, mt kinematic endpoint
- look for excess in region enriched in signal (sigwnal region - SR) ME?
SMb
’ ’ ’ ’ ++ +datakg CRS
2- Bkg: precise modeling, evaluation of SM processes Ln SR essential *4 .,

- achieved through use of multiple control regions (crs)

3- Results: Compare SM preolictiows with data

- excess of events in data. Did we find DM?
- no excess, interpret result in terms of theory model parameters

Experimental challenges for invisible signatures

%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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‘g 4 w8 eneray frontier
Simplified models and extensions
Signature: large MET (recoil) and 21 high-p- visible particle \
mono- “
Higgs 5 M
.............. ‘::
> pum E
-
%k ATLAS:CONF-2023-045 %k CMS:EXO-21-012 %k Belle II:PRLI30(2023) sk ATLAS:PLB842(2023) z:’:
* CMS:HIG-21-007
%*


https://cds.cern.ch/record/2851848
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-045/
https://doi.org/10.1103/PhysRevLett.130.231801
https://doi.org/10.1016/j.physletb.2023.137963
https://doi.org/10.48550/arXiv.2303.01214

DM +Z ’ S e CI r C h & ATLAS: CONF-2023-045

p 1- Selection: p 2-BRY:

ATLAS Preliminary Signals: Light-vector ~ -¢-Data

>

o 10° . -

; Vs=13 Te\(, 140 ! w/ light dark-sector W Top

. . . E 10*F SR 125<E-r|]—“ss'5|g<8, 0 b-jets ’::’ 2(;:;i§88 gzx [] Diboson

% 1 opposite-sign ee/up pair - tt, Z+jets, g o wonchama miz)=500 oy g2
%k 0 b-tagged jets, MET > 55 GeV VV main bkg, 77 Unerainty 3
10 -
from CRs . ]

%k mg above Z peak

107

%k events categorized on MET

1072 s
significance values 109f | e .
é 1.25 oot , =
st
° 0.5 2 2 2 L '3 =
2x10 3x10 4x10 10

m,, [GeV]
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DM+/Z’ search

& ATLAS: CONF-2023-045

p 1- Selection: B 2- BR@ E 10° ATLAS Prelim'inary Sigf’1als: Li'ght-vqlactor +[I)ata _
; Vs=13 Te\(, 140 ! w/ light dark-sector W Top ?
. . . E 10* l\SAR1:5:E$'ss’ls'g<8,0b-jets o zg:g:ggg 23 [JDiboson 3
% 1 opposite-sign ee/up pair - tt, Z+jets, @i o[ Muonchamel a0 cav D12 :
% 0 b-tagged jets, MET > 55 GeV VV main bkg, ' 77 Uncerainty
10 E
%k my above Z peak from CRs : ” ;
. 107 E
%k events categorized on MET o :
significance values 100k . )
2 125 oot 4 T T =
ettty 4t W 7
S s t Thlslly |3

2x10? 3x10%  4x10? 10°

m,, [GeV]

B 2- Results: combined fit of SRs and CRs (systematic unc. included as nuisance parameters)

- interpretation in terms of DM model: upper limits at 95% CL on cross section

e

Dark-Higgs moolel

- hp and DM dark-sector particles
- hp radiated from Z’, decays in DM «

5‘ 10 E_ T T T a_
& E ATLAS Preliminary ---- Expected 3
= [ \s=13TeV, 140 0" B Expected = o 1
? 1 g o [ JExpected 20 5
N E ight-vector - light dark-sector — Observed 3
% 10 gsD‘lI:epiton channel, 95% CL ---Theory, g | =0.1 4
< 3 T ) ———Theory,g|=0.05 E
= ?‘\\\\ “\\\ ——-Theory,g|=0.01 .
51 02 E TTe-l ) =
210 g
[ =

3x10?

10°
m,. [GeV]

4x10° 5x10°
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Light-vector model

- X1 and X2 dark-sector
- Z’ off-diagonal coupling to X7, X>

9Yq

q X1
'_g'- 10 E_ T T T ﬂ_
& E ATLAS Preliminary ---- Expected 3
= [ (s=13Tev, 140 10" B8 Expectec = 1o ]
v 1 s= ' 1 [ JExpected =20 g
R E Light-vector - light dark-sector — Observed 3
el ;[ Dilepton channel, 95% CL ---Theory, g =0.1 7]
= _ |
r:g 10 ? TTe- L -~ Theory, g =0.05 _§'
= C- - Tl ---Theory, g =0.01 3
F1o2 e - e E
N = - T 3
1oF -~ - ]
8107¢ -3
5] = 3
107 E g
107 E
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-045/

DM +WW SeGI‘Ch & CMS:EX0-21-012

CMS Preliminary

137 b (13 TeV)

107

B 1- Selectlon: events categorized based on #leptons p 2- BRY:

108

Events / bin

1€ % 1 lepton, = 2 jets (m; ~ W mass) -t W -
% 0 b-tagged jets, MET > 60 GeV WHjets (1), 3

. Vv
WV(QS: * MVA techniques to recover sensitivity ~ Z+jets, WW e
DM TR ¢+ oL (2¢) main bkg, 10

10*

L)) 4 v(j)

""
.
- ?

———
I Other background

[ m,=160,m =100, m,, =500 [

' [ ] Dr(leII-Yan

[ Non-prompt

tW and tt

Total uncertainty

1.0< AR,<15

&- K W % 1 opposite-charge « pair from CRs L
kDM % 0 b-tagged jets, MET > 20 GeV 2 . T T [
S oaf R
%k events categ. on dark-H boost s = s
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https://cds.cern.ch/record/2851848

DM +WW SeGI‘Ch & CMS:EX0-21-012

CMS Preliminary

137 fb™ (13 TeV)

B 1- Selectlon: events categorized based on #leptons B 2-BRY: § 0 ='eH>_m;rgac'kgr;una T '='zr'eu_.+an' t'
H) w ) ¢ % 1 lepton, = 2 jets (mj ~ W mass) -t W, g i im0 200 Toetany
CY¥) ,  * Ob-tagged jets, MET > 60 GeV W+jets (10), 1°3
W . v % MVA techniques to recover sensitivity ~ Z+jets, WW 10°
DM ' J% o (2¢) main bkg, 10
&- :, w %k 1 opposite-charge « pair from CRs 1
kDM % 0 b-tagged jets, MET > 20 GeV Y s e USRS AR
S o f R
%k events categ. on dark-H boost s : = s

. Imin' pT
bin number (mII -my )

B 2- Results: combined fit of SRs and CRs (systematic unc. included as nuisance parameters)

- interpretation in terms of DM model: upper limits at 95% CL on cross section

—

Dark-Higgs moolel
- dark Higgs (s) can be lighter than

: : CMS Prelimina 137 b (13 TeV CMS Preliminar 137 b (13 TeV
DM, observed relic can be attained __ ,,, i ( ) 400 Y ( )
S L Dark Higgs, Z' — DM + s (WW) S L Dark Higgs, Z' — DM + s (WW) s
) B Majorana DM, m =200 GeV e o B Majorana DM, m =300 GeV 2
O, asol 0=001,g =0.25,g =1 % O, asol 0=001,g =025,g =1 %
— P T — Expected 95% Cl P T — Expected 95% Cl
W E : — gb‘;er\t/e((ij ZZ‘;: CII__ 1 0 E : — E‘!b':er\t/e?j ?:5‘;; CII__ 1 0
’ - + 1 std. dev. - + 1 std. dev.
SO (Z'-h W+ - + 2 std. dev. - + 2 std. dev.
mixing) , 300~ Q h=0.12 300~ Q h=0.12
B 1 i 1
2501 2501
200F 200F
107" - 10"
500 1000 1500 2000 2500 500 1000 1500 2000 2500
m,. [GeV] m,. [GeV]

(*) first CMS result on dark-Higgs mody
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& ATLAS: PLB842(2023)137963

Higgs: a portal to the invisible? ..

P DM-SM interactions mediated by Higgs bosow: coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM DM
. B ‘7
_ gluon fusion (MET+j) Higgs ”
- associated VH (MET+V), ttH (MET+tt) > oy

- vector-boson fusion (MET+2jets)
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https://doi.org/10.1016/j.physletb.2023.137963
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& ATLAS: PLB842(2023)137963

Higgs: a portal to the invisible? ..

P DM-SM interactions mediated by Higgs bosow: coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM DM
. B ‘7
_ gluon fusion (MET+j) Higgs ”
- associated VH (MET+V), ttH (MET+tt) > oy

- vector-boson fusion (MET+2jets)

B 3- Results: combination of results from various Higgs production,

translated into a spin-independent DM-nucleon elastic scattering xsec limit:
- Mpm < My/2 interaction between PM and nucleus mediated by H exchange

491 (7 TeV),19.7 b (8 TeV), 140fb"' (13 TeV) e LA B B S SRR as
‘\E\ ". T T T L I T T T LU | T T T LI L (g & ATLAS __: BH — inV < 0-093
& 10 ., CMS 90% CL limits = o F ~ & 4 Alllimits at 90% CL
< B(H — inv) <0.14 g 107 F : s= 7TeV, 471
g10%E e Higgs portal models S B ~ Vs= 8TeV, 20.3fb™" ] Higgs Portal WIMP:
c . C - C =
= . . : - \s=13TeV, 139fb" o =--= Scalar
Y= - — - Majorana fermion DM o _41 ’
S - = 107" F ~ =
R : -~ - Scalar DM D; Eomiimi N _ — Majorana
\'*“ = = = Vector DM V"™ z ''''''''''''''''''''''''''' E VectOrEFT
LHC searches , Vector D25, oL e NS f I
-, ~—~_/ Vector DM B SN ey ] Vectory model, o = 0.2
_______ _ //’ 2_--‘:‘__ :_ ";‘\f"v"‘“‘—“.—” —:
GOVWP LCVWCV\zta VH tD """"""" “, AL - m,=65GeV_.-~ _~-" . ~| Other experiments:
’ T S i ’//’ """""""""" —49 __ ‘,-"’ ot TR I _: o .
d Lreat d eteatbo v " Direct-detecti 10 :_ _ ‘ oherent elastic neutrino-nucleus scattering__ Xenon1T-Mig
g irect-detection o ¢ q1 — o
(uy\,der mode[, . CRESSTI = 5 DarkSide-50
s2xx DarkSide-50 53 .7 ] PandaX-4T
v ss2s PandaX-4T 10 2 =
aSSlAVWPtLOV\/S) vees LUX-ZEPLIN T LUX-ZEPLIN
L1l I 1 1 1 111l I 1 1 1 | I |
10 10? 10° 107 1 10 10? 10°
mpy (GeV) Mywe [GEV]
BR(H—>isw) <0.15(0.08) obs(exp.) BR(H—imw) <0.11(0.08) obs(exp.)
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Looking for the mediator

Signature:

n
- di«'—V\A,l/(.DV\/ resomawnces: L\‘
* CMS: EXO-21-005 z \
* ATLAS: JHEP07(2023)090
M LI
- massive long-lived particles: \ b
# LHCb: EPJC373(2022) TLE A
. ‘-
PV

upLng

Lnteraction strength or co

energy seale or mass

%k selected recent results


http://cds.cern.ch/record/2851121
https://link.springer.com/content/pdf/10.1007/JHEP07(2023)090.pdf
https://link.springer.com/article/10.1140/epjc/s10052-022-10186-3

Di'muon IOW-mCISS resonances & CMS;EX0-21-005

1 - Selection: resonance appears as peak wrt SM invariant mass _ s _CMS Preliminary Scouting Triggers, 96.6 b (13 TeV)
% 1 opp.-sign u pair, categories on pr(uu) 8 :’/fpsf”_Tr:'r‘Se‘f S:""C‘”“
S 10 é_,'\ : - raine election
:x dedicated uu trigger: low pr thresholds, high rate, retain s ;;‘JJ\
only 4-momentum, isolation, track information ‘g 10° -
e = —
*x muon identification based on MVA techniques n
10" E
2 - BR@: 10° =
- known resonances, D meson decays to kaons (from CR) -
10% k- | | | | |
0
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Di'muon IOW'maSS resonances & CMS;EX0-21-005

Scouting Triggers, 96.6 fb™ (13 TeV)

1 - Selection: resonance appears as peak wrt SM invariant mass CMS Preliminary

Q,

Xk 1 Opp_-Sign M pair’ Categor‘ies on pT(uu) —— Upsilon Trained Selection

'y - == - Jhp Trained Selection

—
<

—
<
ULLLL B L L

:x dedicated uu trigger: low pr thresholds, high rate, retain
only 4-momentum, isolation, track information

Events / (0.002 GeV)

*x muon identification based on MVA techniques ol
2 -BRYg: 103;
- known resonances, D meson decays to kaons (from CR) -
102 5 | | | | |
0

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

—

Dark, photon CMS Preliminary 96.6 o' (13 TeV)
- dark/SM sectors interaction  “w :
through dark photon Zp, 1074k
with kinetic mixing € I
1075}
: LHCb
107}
10_7; BaBar _
g CMS E
el
10 2 3 4 5 6 7
Mz, [GeV]
Higher sensitivity at low masses J
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Z, VectOI‘ bOSOﬂ in 4/.1 Signatures & ATLAS: JHEP07(2023)090

1- Selectlon: signal events appears as peak wrt SM invariant mass spectrum

% of T
. . . . O] ATLAS ¢ Data
%k atleast 4y, 1st pair with mass closest to mz, 2nd with highest mass ®  80F (5=13TeV, 139 b’ -7 5 pp Z' (15 GeV, g=0.012)
: : : e 5 70f SM Z(z*)
% 4p event selection with neural netw. techniques to recover sensitivity S e . Other backgrounds
0 + 7 Uncertainty
1y %

2- 'BKZ@:

- Z+jets, tt, WZ main bkg, normalized from CR

Data / Bkg
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https://link.springer.com/content/pdf/10.1007/JHEP07(2023)090.pdf

Z’ vector boson in 4|1 signatures

& ATLAS: JHEP07(2023)090

1- Selectiow: signal events appears as peak wrt SM invariant mass spectrum

%k atleast 4y, 1st pair with mass closest to mz, 2nd with highest mass

% 4y event selection with neural netw. techniques to recover sensitivity

2- Bh@:

- Z+jets, tt, WZ main bkg, normalized from CR

3- Results: fit to yu invariant mass (systematic unc. included as

nuisance parameters)

Events / 0.8 GeV

Data / Bkg

DO atLAS ¢ Data

80F {s=13TeV, 139 fb" ---Z > up Z' (15 GeV, g=0.012)

70k SM Z(z*)

60 0 [77 Other backgrounds

+ 7 Uncertainty

40 % 5

30 y /5 (*)low mass region
#
A 4 )

L.-Lr woodlel

- new gauge boson Z' interacts with only
the 2nd and 3rd gen. leptons
- can address observed g-2 and rare B
decays anomalies
q

95% CL limits on o(pp — Z'yp — 4p) [fb]

10~

q

10—

10"}

100}

ATLAS
Vs=13TeV, 139 fo-!

—— Observed
Expected
W Expected t10 |

Expected +20

low-mass region high-mass region

1
10 20 30 40 50 60 70 80
mz [GeV]

couple to electron or quarks (no dirvect probe from ete- anol pp beams)

!k (mz,0) ot strongly constrained in experiments, Z’ does not

o ;
ATLAS
Vs=13TeV, 139 fb!
10-1F
-2
o= s ATLAS exp.
—— ATLAS obs.
—— Neutrino Trident
—— Bs mixing
10 102 108
mz [GeV]

gap Ls now largely
excluded bg this awaLgsiy
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https://link.springer.com/content/pdf/10.1007/JHEP07(2023)090.pdf

SearCh fOI‘ I_I_PS — ,Ll+jel'S & LHCb:EPJC373(2022)

p 1- Selection: p 2- BRY: ~ e
S LHCb T opae
. > 1 — Fit: total
M %* 1 displaced vertex from any PV _ bb 3 1 S.4tb™ background
containing 1u processes ° R S signal (©) ]
LLP ¢ % 21LLP candidates : 23 tracks (1n) ~ and 3 :
o with inv mass above B resonances ~ Material Eo1E it .
PV %k MVA techniques to recover Interactions - \\ :
sensitivity - \\\ 1
10—1 L L ! L | ‘. | ! ! ! | L L ) |

20 40 60 80
LLP mass [GeV/c?]
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https://link.springer.com/article/10.1140/epjc/s10052-022-10186-3

Search for LLPs — L+jets

& [ HCb; EP|C373(2022)

p 1- Selection: p 2-BRY: ~ P v
= LHCb ; Fi?' 2}total
M %k 1 displaced vertex from any PV _ bb % 0 5.4fHb70 L background |
Containing 1,Ll processes f Iy signal (C) E
LIP ¢ % =1 LLP candidates : =3 tracks (1u) and 3 ]
o with inv mass above B resonances ~ Material E IE -
eV %k MVA techniques to recover Interactions - \\ :
sensitivity I *\ 1
10—1- L ! L | ‘. | ! ! ! | L L ) |
20 40 60 80
_ _ _ LLP mass [GeV/c?]
B 3- Results: combined fit to LLP reconstructed mass in SRs and CRs
Upper limits at 95% CL on cross section
Massive Long-Lived particles 0 .
(LLP) 5 LHCb LHCb
— -1 [ -1
- (a) Higgs-like particle ho = 241 (@) : 5_'4 fb 2 (o)
| = Mo=50 GeV/c? m0=30 GeV/c
produced by ggF, decays into g - X1 !
two LLPs B [
- (b) direct LLP production from i o
quark interactions Z : 3
20 g XU m (he) =125 gev
/ ’ -2 P U RS S U RS B [P B R PP PEP B
10 50 100 150 200 0 50 100 150 200
---;o---«i\ = LLP lifetime [ps] LLP lifetime [ps]
K @ Xy w % heavier particles — Lower Lifetime/boost
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https://link.springer.com/article/10.1140/epjc/s10052-022-10186-3

eneroy frontier
LHC

The intensity frontier

Lntensity
e —
FrontLer

— fuxed target

- beam dump

>

tnteraction stremgth or coupling

energy scale or mass

—



How do we search for light-DM at colliders?

Mev-GeVv - models of thermal light-DM rely on Light force-carriers with suff. small SM couplings

- interactions too weak for detection at high-energy colliders, small kinetic energy for traditional direct detection

Solution

intensity-frontier experiments essential to explore light dark-sector
- optimized for intensity, instrumentation precision, bkg rejection
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How do we search for light-DM at colliders?

Mev-GeVv - models of thermal light-DM rely on Light force-carriers with suff. small SM couplings

- interactions too weak for detection at high-energy colliders, small kinetic energy for traditional direct detection

Solution

intensity-frontier experiments essential to explore light dark-sector
- optimized for intensity, instrumentation precision, bkg rejection

Search strategies
% missing energy, momentum, or Mmass:

- stgnature: exploit visible particles kinematics to

infer invisible particles (energy and momentum

conservation) Missing-X Kinematics

- detector: e+e-annihilation, lepton-beam fixed- Experiment

target experiments excellent forward hermiticity,
good calorimetry

SM recoil
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How do we search for light-DM at colliders?

Mev-GeVv - models of thermal light-DM rely on Light force-carriers with suff. small SM couplings
- interactions too weak for detection at high-energy colliders, small kinetic energy for traditional direct detection
Solution - intensity-frontier experiments essential to explore light dark-sector

optimized for intensity, instrumentation precision, bkg rejection

Search strateogles
g . / X
;s . Re-Scattering I
%k missing energly, momentum, or Mmass: experiment

- stgnature: exploit visible particles kinematics to
infer invisible particles (energy and momentum
Conservation) Missing-X Kinematics ‘é

- detector: e+e-annihilation, lepton-beam fixed- Experiment N oez |

target experiments excellent forward hermiticity,
good calorimetry

, SM recoll
%k re-scattering:

- sigwnature: detect DM produced from beam dump
scattering off electron/proton in detector volume

- detector: intense beams or high-luminosity colliders
because small DM interaction even in large volume

28 Aug -1 Sep 2023 Deborah Pinna - UW 31



How do we search for light-DM at colliders?

Mev-Gev

Solution

Search strategies
* MLSSLNG Energy), mMomentum, or mass:

- signature: exploit visible particles kinematics to

infer invisible particles (energy and momentum
conservation)

- detector: e+e-annihilation, lepton-beam fixed-

target experiments excellent forward hermiticity,
good calorimetry

%k re-scattering:

- sigwnature: detect DM produced from beam dump
scattering off electron/proton in detector volume

- detector: intense beams or high-luminosity colliders
because small DM interaction even in large volume

* (semul-)vistble:

Missing-X Kinematics
Experiment

SM recoil

models of thermal light-DM rely on light force-carriers with suff. small SM couplings

intensity-frontier experiments essential to explore light dark-sector
optimized for intensity, instrumentation precision, bkg rejection

Re-Scattering [ ——
experiment

interactions too weak for detection at high-energy colliders, small kinetic energy for traditional direct detection

(Semi)Visible
Search

- stgnature: visible decays of mediator or semi-visible decays of unstable dark-particles into SM and DM particles

- detector: intense beams or high-luminosity colliders because small dark sector-SM couplings. Spectrometer-style
and displaced-decay detectors (long decay volumes, excellent tracking and particle ID)

28 Aug -1 Sep 2023 Deborah Pinna - UW
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Collider experiments: NA64 and Belle |

oo .
g p
W ewcrgg frothcv

LHC

interaction strength or coupling

Lwtawsitg
— fixed target
* missing energy, momentum, or mass: lepton fixed-target experiments, e+e- eneroy soale or mass

annihilation excellent forward hermiticity, good calorimetry

sk many current and proposed exp., eg: positron fixed-target PAPME (LNF),

muown fixed-target dumps NAG4u (CERN), M= (FNAL), ...
EM Calorimeter (ECL)
Energy resolution: 4%-1.6% 7 :
Belle (1 at SUperkK EKR
' Vertex reso]utio: 15 ym

- optimized for tracking and B vertex reconstruction, K-1r identification 79 A

- good missing energy reconstruction ,i'..‘.

- potential to reconstruct displaced vertices

- ete- collisions asymmetric-energy B factory (Y (4S)) e N ; GZ&/@

- odata taking start tn 2019: ~430 fb! Lo ! T N
= i .
, ’. s , ’. s Tiop .
- recoll quantities from knowledge of initial-state total soty oA
momentunm " ey ves Mes et
944 946 10.00 10.02 1:.43:“ (1‘;;3‘7]/02;0.54 10.58 10.62
NAG4 at LHC Hadronic calorimeter
Incoming particle ID and . (HCAL)
momentum reconstruction Electromagnetic MU3 "

28 Aug -1 Sep 2023

100 GeV tlectrons beam from SPS

beam identification: magnetic spectrometer and synchrotron detector

active target electromagnetic calorimeter (ECAL)

plastic scintillator VETO, HCAL to veto muons or hadrons secondary

production in the e-nuclei interactions in the target
Successfully operated throughout 2016-2022

Deborah Pinna - UW

calorimeter (ECAL)
M

v2

Vacuum vessel

Magnet2
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Collider experiments: FASER and uBooNE

energy seale or mass

* (semi-)visible: intense beams, long decay volumes, excellent tracking

sk mawg current and pLawwed EXP., €9: electron-beam olu.mp NAGc4 (CERN), HPS charged particles (p<7 TeV) “"“NJ m
, et o forward jets
and APEX (JLab), proton-beam dump ParkRuest (FNAL), SHIP (CERN), ... % g T = -hc;o;; -> FASER
. LHC magnets Tk :)0 : k) & @
PR eemenstopo A8
FAS ER at L.-HC Front Scintillator
- designed for dark photons and long-lived BSM searches, detect high
energy neutrinos produced in pp collisions cecromape -
- located approximately 480 m from the ATLAS interaction point et S
- most SM particles bent away by LHC magnets or stopped by 100m rock | k
Trigger / pre-shower Magnets - .
= SuccessfuLLg opemteol throughout 2022: ~7#0 fb—i
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Collider experiments: FASER and uBooNE

7o
YV\‘{)9
v
@

interaction strength or coupling

v

energy frontier

LHC

Lwtcwsitg
frontier
— fixed target
— beam dump
* (semi-)vistble: intense beams, long decay volumes, excellent tracking energy scale or wass
sk many current and planned exp., eg: electron-beam dump NAG4 (CERN), HPS charged particles (p<7 TeV) @Cw““e\ I~5m
, et forward jets
and APEX (JLab), proton-beam dump ParkRuest (FNAL), SHLP (CERN), ... FEe - e _ > FASER

p-p collision at IP
of ATLAS< —

FASER at LHC

designed for dark photons and long-lived BSM searches, detect high
energy neutrinos produced in pp collisions

located approximately 480 m from the ATLAS interaction point
most SM particles bent away by LHC magnets or stopped by 100m rock

Trigger / pre-shower

Successfully operated throughout 2022: ~70 fo+

%k re-scattering: intense beams or high-luminosity colliders

sk wmany current and planned exp., eg: electron-beam dumps BDX (JLAR),
proton-beam dumps SBPN (FNAL), ...

wWBooNE at FNAL
- proton-beam duwmp, 85 ton liquid-argon Time Projection Chamber

- primarily designed for neutrino scattering measurements

- no pr trigger limitations (reduced collider sensitivities to low masses)
- excellent particle identification

- Cawntarget also visible decays of dark wmediator

- Near future BSM prospect: search for DM produced from neutral meson
decays in beams and its inelastic signatures (darkstrahlung)

28 Aug -1 Sep 2023 Deborah Pinna - UW

LHC magnets

~ Bobster neutrino beam

neutrino, dark photon

< > >
~100 m of rock "’Qg

~
480 m had Y 5

Front Scintillator

veto system

Interface
Tracker (IFT)

FASERv emulsion
detector
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Z ’ ( inV) Wlth 2 IJ & Belle II.PRLI30(2023) $

Belle I
B 1- Selection: P 2-BRY: W T
JORRT) =D
W % 1 opp.-sign u pair _ processes 3 ¢ oo
_ o C o . O 10°}
7’ * negligible additional activity in the with 2y and
iny K detector (eg. photon veto) missing < o
* , Q
& * MVA techniques to recover energy, €9. g 1
agn » + - +7 - =
kiny sensitivity ere—utu(y), 2 100
sk recoil quantities from knowledge of M@ bkg 2 o
0 20 40 60 80
Lnttial-state total momentum M2 . [GeV2/c*]
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https://doi.org/10.1103/PhysRevLett.130.231801

Z ’ ( inV) Wlth 2 IJ & Belle II.PRLI30(2023) $

Belle I
B 1- Selection: P 2-BRY: W T
JORRT) =D
W % 1 opp.-sign u pair _ processes 3 ¢ oo
_ o C o . O 10°}
7’ * negligible additional activity in the with 2y and
iny K detector (eg. photon veto) missing < o
* , Q
& * MVA techniques to recover energy, €9. g 1
agn » + - +7 - =
kiny sensitivity ere—utu(y), 2 100
sk recoil quantities from knowledge of M@ bkg 2 o
0 20 40 60 80
Lnttial-state total momentum M2 . [GeV2/c*]

B 3- Results: combined fit to Mrecoil, Brecoil Wrt the detector axis
Upper limits at 90% CL on cross section/couplings

(™) fu_LLg tnvistble model (Z'—DMDM) (*) vanilla model (Z'—w)

L.-Lr woodlel

100 ¢ v

. . 5
interacts with only the 2nd Lot LI i
and 3rd gen. leptons - o T s
- can address observed g-2 ] ','I?,"NA64-e R v |
. S -2y = ! e Y " E
and rare B decays anomalies © 7} : | ik M; Ly ;
E E M" LG' U” i CMS (95% CL) |
1073 L Belle Il [L dt = 79.7 fb~%, 90% CL UL {EW -

. r rz=0 Expected *10 Expected +20 | r Belle Il [Ldt = 79.7 fb™, L, — L, vanilla

g LV T, =0.1My I — 90% cL U Expected +10 Expected +20
-4 AR SR (YN S EN ST SN AT S SN (Y SN SNNS SST S S INST SO ST SR SO SR REY AR A S S S TSNS SN IS ST S S S NSNS TSNS ST S MY SR S SR RR

< TAVTS 107, 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

M- [GeV/c?] M- [GeV/c?]
first direct-search results excluding a fully invisible Z’

as (9-2) awomaLg expLawatLow for 0.8 < Mz < 5.0 GgeVv J
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Search for dark photon— DM § NAGH: 0230702401

p 1- Selection: B 2- BR@ 120 [am—
% i g track with - escaping 1°°- 3

incoming track wi Jarge-angle .

100 GeV momentum neutrals from s [
%k no additional activity beam line ;§6°:
% missing energy main bkg from sof
Target/ECAL > 50GeV CRs i
20

0 20 40 60 80 100
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https://arxiv.org/abs/2307.02404

Search for dark photon— DM

B 1- Selectlon:

Target/ECAL

incoming track with
100 GeV momentum

> 50GeV

B 2- BR@ 120 [am—
- escaping hL
large-angle e
neutrals from 3 [+
no additional activity beam line ;§6°:
missing energy main bkg from sof
CRs
20

==

40 60
EccaL GeV

80 100

B 3- Results: no data events after selection. Exclusion limits at 90% CL on dark photons mixing coefficient €

Dark photon

- dark/SM sectors interaction through
dark photon A’, with kinetic mixing € to
SM and coupling ap to DM

N

\_

bremsstrahlung annihilation

10

10_7 E 'ID"I ’
108 EBabar L
109 E—__ﬂ_,&[%N,,-,/ T <]
results already = ; :
’ E 10_10 E 3
Sta Ytbwg to Probe E E Coherent Csl
E 107k i3z -
the Y, Mpm space S '
, N, 1012 k 5 4
predicted foron, 10T TS :
S L 5\°‘w >
VM,DM/VM,AI 10713 ‘ » @&-@06 E
bﬂl/\:&l’l marks 1014 ;-Qee&o,oﬁ op =05 _
10_15- . AN Ll Ll
103 102 107! 1
m, , GeV
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https://arxiv.org/abs/2307.02404

Search for dark photon — ete-

& FASER:arXiv:2305.08665

B 1- Selectlon:

¢ %k no signal in veto scintillator

Y. %k 2 tracks in timing and pre-shower

A’ q ¢ scintillators layer

o * >500 GeV energy deposit in
e electromagnetic calorimeter

pre-shower timing

e

Energy measurement Tracking Decay volume Scintillator veto
calorimeter

28 Aug -1 Sep 2023

B 2- BK’.@:

v interactions

and neutral
hadrons
decays main
bkg from
Simulation
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# of Events

_FASEA

108

108
10°
10*
10°
102

10

1t

107
1072
1073

Preliminary

T T T T T ‘ T T
107 \FA_@ No Veto Signal

2 Fiducial Tracks

1074

10?

10° 10*
Calorimeter Energy (GeV)
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https://arxiv.org/abs/2305.08665

Sear Ch fOI‘ dar k PhOton — e+e' & FASER: arXiv:2305.08665

_FASEA

p 1- Selection: p 2-BRY:
2 10° ] T
€+ . . . . ) i GC.) 7 = Fﬂs;-ﬂ NO Veto S|gna| + Data 27 fb™' (0 events) -
% no signal in veto scintillator _ vinteractions & 1" ey 2 Fiducial Tracks
. . . o 5 A'M=50MeV, c=3E-5 (1.3 events)
Y. %k 2 tracks in timing and pre-shower and neutral * 5 I
YA’ ¢ scintillators layer hadrons o
o ' 10
o % >500 GeV energy deposit in decays main i
e electromagnetic calorimeter bkg from 102
» simulation 10
pre-shower timing 1074 | Lo ! L
10? 10° 10*
il ei I A Calorimeter Energy (GeV)
Energy measurement Tracking Decay volume Scintillator veto

calorimeter

B 3- Results: no data events after selection. Exclusion limits at 90% CL on dark photons mixing coefficient €

park photon W VTR TR A TR/ VA '
P - > DYV T T T U TR
- dark/SM sectors interaction through x L Py .
dark photon A’, with kinetic mixing € % N —_— 7
s = Preliminary — -

> . _L=27.01b"
0= N\ Expected Limit (+16,y,, 90% CL)
result from initial year of data-taking : i ]
— Relic Target m =0.6m,, 0p=0.1 —
FASER sensttive tn cosmologieally n ]
Lw’cerestl:wg, reglon for dark photons o i
coupling to complex scalar DM - \
- /\\\r\\ —

10 10°
K My, [MeV]J
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https://arxiv.org/abs/2305.08665

Dark nggs — e+e- & 1BooNE: PRLI27.151803 MB@K

p 1- Selection: p 2-Bkg:

S 10 MicroBooNE
g 0 Run 3, NuMI RHC 1.01x10” POT
o %k et*e- pairs, with large opening © sE [JOft-beam data [T Dirt v simulation
- cosmics (data_driven) ” [ Cosmic [] Cryo. v simulation
’ —— On-beam data — 150 MeV/c signal

angle, in time with beam )
™ _ _ and neutrinos ot
Loe . * MVAtechniques for selection (simulated) main bkg

.
.
“ -
“ “‘
“ “'
K ' NuMI Beamline Side View l o |
S 0 e
N

- ~3 utrinos
120 Gev e o e :
Top et o)
et . Scalars % 15 20
Kaons decaying in flight Y BDT,,, score
~ Detay : Kaons_ .
: Pipe decaying & -
625 atrest e

a Absop R
K—=nS at rest = monoenergetic S

(obs-predypred
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.151803

Dark H'ggs — e+e- $ 1BooNE:PRLI27.151803 MB@

p 1- Selection: p 2-Bkg:

2 100 MicroBooNE
g 107 Run 3, NuMI RHC 1.01x10% POT
o %k et*e- pairs, with large opening © sE [JOft-beam data [T Dirt v simulation
cosmics (data_driven) ” [ Cosmic [] Cryo. v simulation
’ —+— On-beam data — 150 MeV/c? signal

angle, in time with beam )
us and neutrinos '

S, . * MVAtechniques for selection (simulated) main bkg

.
.
% *
.
‘.‘.

. 12 h / %4
» Scalars % - - - - 10 15 20
- BDT,,, score

,
o
i
-
at rest k
. =
mmmmm

BN Absorbe NovA
K—=nS at rest = monoenergetic S

20
§.
s
g4

B 2- Results: counting experiment. Upper limits at 95% CL on Higgs portal couplings

Dark-Higgs model 107
kR-Higg € * reinterpretation

- new scalar S mixes with Higgs A central value

boson with mixing angle 6
- if 2me<ms<2my, and ms<mpwm, S
decays to electron-positron

©107°

most constraining for
Mme=[120-160] GeVv

2015-2016 and 2017 2018 dat-taking NAG2

10—4IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

O 20 40 60 80 100 120 140 160 180 200
K Scalar mass mg (MeV/c?) J
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.151803

Complementarity to discover DM

* Luminosity: determines size of coupling that can be probed A I
oW
* energy: determines probed mass range O\,Jw?\’\\b energy frontier
f .
* Lnvistble/vistble: directly probe DM or explore mediator e
Lwtewsitg
frontier

— fixed target

— beam Advmp

>
energy scale or mass

interaction strength or coupling
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Complementarity to discover DM

* Luminosity: determines size of coupling that can be probed
* energy: determines probed mass range

* Lnvistble/visible: directly probe DM or explore mediator

* Complementa rita:

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

~ concerted effort to align wmodels, representation to exploit
complementary between energy- and intensity-
frontiers to discover PM/dark-sector

28 Aug -1 Sep 2023 Deborah Pinna - UW

interaction strength or coupling

>

) ~
W
‘?\‘\\b ’,
WO\;JV" energy frontier
Y23

- LHC

Lwtcwsitg
frontier

— fixed target

— beam Advmp

>
energy scale or mass
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Complementarity to discover DM

1072

* Luminosity: determines size of coupling that can be probed
* energy: determines probed mass range

* Lnvistble/vistble: directly probe DM or explore mediator

LHCb: — 15 fb™’
---300fb™!

* Complementarity:
DarkQuest: — 10'8 pot
---10%° pot

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

~ concerted effort to align wmodels, representation to exploit
complementary between energy- and intensity-
frontiers to discover DM/dark-sector = ek A T e T T BT

park photon modeL?
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Complementarity to discover DM

1072

* Luminosity: determines size of coupling that can be probed

* energy: determines probed mass range

* Lnvistble/vistble: directly probe DM or explore mediator

* Complementa ri’cg :

* Complementa ri’cg wtth direct-detection also essential:

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

concerted effort to align models, representation to exploit
complementary between energy- and intensity-

frontiers to discover DM/dark-sector 0503

1072

accelerator-based directly characterize particle properties
of produced DM, explore relativistic DM production

with their cosmological abundance, probe non-
relativistic scattering

e [em?]

10—52

different type of interactions can be suppressed or v

10—56

enhanced based on \/eLooz',’cg — compLemew’cari’cg

10-—58

1070
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1075
1

LHCb: — 15 fb™’
---300fb™!

DarkQuest: — 10'8 pot
---10%° pot

park photon moch?

1072

107"

, Direct Detection of Sub-GeV DM

10—38 j V

-

o |

10—50 :

10736 Pa,. )

10~12 irluJ ’

direct detection explores a combination of DM properties o

10—46 L

1 11
1073

Ll 1 L L
1072 107!

my [GeV]

L raal L L L
10 102 103
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Complementarity to discover DM

, , . . . 1072
* Luminosity: determines size of coupling that can be probed i «
. <
. determi bed T g e o
* energy: determines probed mass range Ll oo _

A3
"=l Bellell

10 E

* Lnvistble/visible: directly probe DM or explore mediator

LHCb: — 15 fb™’ E

, 1075 E
* Complementa rity. -~ 300fb"
. . . B
- results often presented in terms of different mediator
masses, notation and model assumptions 107 R .
-SHiP
- concerted effort to align wmodels, representation to explott )
1078 E
complementary between energy- and intensity- Dark photon model
frontiers to discover DM/dark-sector e I T T S T R TS
my (GeV)
- Direct Detection of Sub-GeV DM
* Complementarity with direct-detection also essential: s
o-38 Accelerator Targets for Sub-GeV DM
1077° 10~7 N — e

- accelerator-based directly characterize particle properties
of produced DM, explore relativistic DM production

10710 |

- direct detection explores a combination of DM properties

with their cosmological abundance, probe non-
relativistic scattering

10—48 |

Thermal DM

e [em?]

1075 | target region >

R | 10_1150—‘ 102 ot 100
- different type of interactions can be suppressed or ol my [GeV]

10—56 |

enhanced based on \/eLothg — comchmcw’cari’cg

1 I NN 1 L L 1 1”\"‘
1073 1072 107! 10°

my [GeV]

mportant to Lolewti—fg common benchmarks to better e)qsLoLt complementa ritg

28 Aug -1 Sep 2023 Deborah Pinna - UW 48



Summary
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Summary

- assume Lnteractlon
with SM

\ ~ particle colliders

benchmark wodels to
Lwterpret the results
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Summary

- assume Lnteractlon
with SM

B
>

D

. § c)'\,"/(’

- ?w{) .

@‘ s energy frontier

\01\"'

S LHC

3

<

-+

? ’L/vtewsit;/

}_) {l’.’)VLCLCr’

-

g — fixed target
S — beam duwmp

g .
S

S

3 g \ particle colliders
- _

energy scale or mass

‘ Sy - -~ \ b h d L
different Lnteractions/signature TEmmme F"W mark wodels to
Lnvestigateol Lnterpret the results
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Summary

DM nature \ 4
.
Large region of parameter .’
(Large reglow of p .
space of DM wodels excluded) ¢
q

’

I

|
D) A
_§s c,\r09
_é— D\,Jv“?wé eneray frontier
Q wr
Q LHC
-
3
<
-+
? ntensity
L frontier
-
é’ — fixed target
S — beaw duwmp
.
5
s
AN
S
3

different interactions/signature

Lnvestigateol
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energy scale or mass
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il I R
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~. assuwme Lnteraction
with SM

\ ~ particle colliders

benchmark wodels to
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%k Rich DM physies program at high-energy and high-tntensity experiments

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

- assume Lnteractlon
with SM

DM nature \ 4
(Large reglon of parameter o
space of PM models excludled) R

Q 1
N > . 95% CL upper limits:
> 102 - CMS Preliminary 7% et o
1 m(H) = 125 GeV - - Combined exp. (median)
L 10 m(Z) =10 GeV [ Combined exp. (68% quantile)
& ° Combined exp. (95% quantile

1 BZ,~um)=0144 — 13.6 TeV obs. (36.7 fb')
— 13 TeV obs. (97.6 fb™)

\ ~ particle colliders

S ie=="T benchmark models to

1-3 102 10" 1 10 10®> 10® 10* 10° 16
cr[cm?

CMS wnew data result for LLP
made in Vienwna (HEPHY group) :) interpret the results

%k Rich DM physies program at high-energy and high-tntensity experiments
- essential complementarity among experiments and with non-collider searches
- inputs from various signatures (mono-X, resonances, H—inv, visible, ...)

skMany new results/experiments expected in the near future!
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The invisible through the visible

Simplified vector model %k ATLAS:ATL-PHYS-PUB-2023-018

- 16—

q W, Z o r
E, o

g,=0.25 = 14
7' r
q X <
L . 1 N
& low sensitivity to off-shell region due to strong Y

reduction of production cross-section

& Can we recover the sensitivity?

IIIIIIIIIIIIIIIIIIIIIIIIIIII
S

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

lllIlllllllIlllIlllIlIlllllllll

25 3 35 4
mZ.V[TeV]

%k also ATLAS 2HSM+a combination; arXiv:2306.0064 |
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The invisible through the visible

Simplified vector model %k ATLAS:ATL-PHYS-PUB-2023-018
9 W,z EJ [ ATLAS Prelimi|||ary A ]
2,=0.25 — 1.41V8 = 13 TeV, 29{3-139 fb’* & ~
£ -Jdly 2023 b6 resanance |- — ]
Z' - = I :
i ]
. e 5 S 8 3
e : I 3 2 N i
B low sensitivity to off-shell region due to strong i o 3| (& i
. : . - E= =] KE7 7
reduction of production cross-section 0.8 (27 -
n A\ ¢ -
n 7 -
- 7 —
& Can we recover the sensitivity? visible decays 0'6: I -
[ Dijet i
X g 04p i ~
gDM 8q B - i
> - - Vedtor mediator, Dirac DM -
0.2 B ) ] — — —
/ X / q - ( gq- 0.25, I_O’ gx_'l _
A A L Al Ii1nits at 95% CL i
0 1.5 2 2.5 3 3.5 4
- m, [TeV]
// * mediator \ Dijet — tiresonance (1L) — ET**+X
_ - narrow resonance o e o o o o) 11206
§q— - wide resonance i, fresonance (OL) =

139 fb”
Dijet+ISR, 79.8 fo™ JHEP 10 (2020) 061 ET"*+V(had), 36.1 fb’’
PLB 795 (2019) 56 JHEP 10 (2018) 180
= bb resonance 4
Boosted dijet+ISR, 36.1 fb E; T +Z(IN), 139 fb°

PLB 788 (2019) 316 13910
JHEP 03 (2020) 145

Boosted di-b+ISR, 80.5 fb™'
ATLAS-CONF-2018-052
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The invisible through the visible

Simplified vector model %k ATLAS:ATL-PHYS-PUB-2023-018
L 1 .6 R L L vt I/ ! ! /l ! L L :.,°‘ L

q W, Z E :ﬁTL S PreliminI'ary/ % U L7

HE B 11 , i

=0.25 > 1.4F\{s = 13 TeV, 29|3-139k | ,0 =

5 £ [July 2023 g 7 A / ]

Z' [ S B / g ]

gDM= I 1 .2 B S q/®* Q\‘L s |

q X u @ & /// s i

1 _ L_g \\QQ'O/ —

o o o . - o/ -

& low sensitivity to off-shell region due to strong ! &% ]

reduction of production cross-section 0.8 G ~

& Can we recover the sensitivity? visible decays 0'6:_ c -

L | & -

X q 0.4 — & —

= y 1 Vector mediator, Dirac DM -

—_ N ecCtor mediator, virac N

W/\( X ’\’V/\"< q 0.2 | /A »Emiss+x gq=0.1 g = 0.01, gx =1

A Z A T All limits at 95% CL ]

0 05 1 15 2 25 3 35 4

B m, [TeV]
(// * mediator \ Dilepton — bb resonance
— " harrowresonance R,
g q— - wide resonance LB 708 (019) 60 —EX

Dljet JHEP 02 (2021) 226
* interplay changes
JHEP 03 (2020) 145 PRD 103 (2021) 112006

Dijet TLA, 29.3 b
PRL 121 (2018) 081801
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Di-muon low-mass resonances

& CMS: EXO0-21-005

1 - Selection: resonance appears as peak wrt SM invariant mass

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

:x dedicated uu trigger: low pr thresholds, high rate, retain
only 4-momentum, isolation, track information

*x muon identification based on MVA techniques
2 - BR@:
- known resonances, D meson decays to kaons (from CR)

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

CMS Preliminary Scouting Triggers, 96.6 fb™" (13 TeV)

Q,

— Upsilon Trained Selection

'y - == - Jhp Trained Selection

—
<

—
<
ULLLL B L L

Events / (0.002 GeV)

—
Q

—
<

2

OII| T TTTTm T TTTImmg T

—

2HSM+a CMS Preliminary 96.6 fo~! (13 TeV)
- pseudoscalar a, couplings to ;f :
SM through mixing with Higgs :%'
doublets (B, tanp) [0t |
BaBar
Cs Type IV 2HDM+S model
10—2§ tan[3=0.5 _E
| L | A T R A T T N NN SR S ST N
2 3 4 5 6 7
m, [GeV]

Simtlar (higher) sewsiti,\/i’cg as LHCb at low (high) masses J
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