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2 | Dark Matter Search at the LHC and CMS

e Dark matter (DM) is well-established in the cosmos Indirect detection c

o Isit Weakly Interacting Massive Particle (WIMP)? : M~10 MeV-100 TeV SM DM '%

3

e LHC s world’s most powerful discovery machine! <

o Run2:from2015-2018 at /s =13 TeV, ~140 fb collected ¢ g

o Run 3:started 2022 - 2025 at+/s=13.6 TeV,~70 fb™* (now) SM? =—» DM a
Collider, LHC

e CMS s a multi-purpose detector that records pp collisions from the LHC

Detected particles : X (tag)

llider Compact Muon Solenoid
e ECAL

RN Meyrin =

Beam 1 Beam 2

e, <

‘ Undetected particles
Missing transverse 3

momentum me'SS ! (

—miss

Pt

>, 17,)

1Eparticles
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. | Theoretical Framework

Effective Field Theories

Model Generality

Sketches of Models

Figure: Tim Tait

LHC DM WG
“ecosystem
‘ Models

Simplified Sl .
Models " Higgs portal
) -

UV Complete
Models

Theoretical Completeness
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Signature X DM Model | CMS publication Luminosity [fb] (Vs)
Jet,V(»>qq) +p,™ | (1,2,3,4) JHEP 11 (2021) 153 137-(13 TeV) v
Z (+ll) +p,™ | (1,4,6) ERJ. C 81 (2021) 13 137-(13 TeV) v
VBF +p; miss 1 (2) PRD 105 (2022) 092007 | 19.7 (8 TeV)+140 (13 TeV) v
Ww * me'SS (8) PAS-EX0-21-012 13713 TeV) v
Displaced pp +p,™ | (9) arXiv:2305.11649 137-(13 TeV) most recent| &
Higgs +p.ms | (6,7) JHEP 03 (2020) 025 35.9 (13 TeV)
Y + me'SS (1, 4) JHEP 02 (2019) 074 35.9 (13 TeV)
tt, t/tw + me'Ss (1) JHEP 03 (2019) 141 35.9 (13 TeV)
A broad spectrum of DM models and visible ‘X’

1. Simplified DM (Spin-1,0 mediated), Phys. Dark Univ. 27 (2020) 100371

2. Higgs portal DM, Phys. Lett. B 707 (2012) 570, Phys. Rev. D 82 (2010) 055026

3. Fermion portal DM, JHEP 11 (2013) 171

4. ADD, Phys. Lett. B429 (1998) 263

5.  Non-thermal DM, Phys. Rev. D 93, 055007

6. 2HDM (+a/Z’), JHEP 05,138 (2017), Phys.Dark Univ. 27, 100351 (2020)

7. BaryonicZ’, Phys. Dark Univ. 26 (2019) 100371

8. DarkHiggs, JHEP 4 (2017) 143

9. Inelastic DM, Phys. Rev.D 64, 043502 , Phys. Rev. D 93.063523 and soon ...
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https://www.sciencedirect.com/science/article/pii/S2212686419301712?via%3Dihub
https://linkinghub.elsevier.com/retrieve/pii/S0370269312000421
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.055026
https://doi.org/10.1007/JHEP11(2013)171
https://arxiv.org/abs/hep-ph/9803315
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.055007
https://link.springer.com/article/10.1007/JHEP05(2017)138
https://www.sciencedirect.com/science/article/pii/S221268641930161X?via%3Dihub
https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/1701.08780
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.063523
http://dx.doi.org/10.1007/JHEP11(2021)153
http://dx.doi.org/10.1140/epjc/s10052-020-08739-5
http://dx.doi.org/10.1103/PhysRevD.105.092007
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-010/index.html
http://dx.doi.org/10.1007/JHEP03(2020)025
http://dx.doi.org/10.1007/JHEP02(2019)074
http://dx.doi.org/10.1007/JHEP03(2019)141

e Signal: Jets+ me‘SS = Mono-jet, Mono-V
e Selection: ¢

Fat jets from V> qq
Jet p; (AK4)>250 GeV, |n| <2.4 Jet p_ (AK8) > 100 (150) GeV, |n| <2.4
ij window 65-120 GeV

(13 TeV)
T

- Use DNN ID to distinguish V(qq) from ISR jets
- p,™* Trigger (offline p,™**> 250 GeV)

T —T
CMS simulation

— QCDjets — Z(qq) — W(qq)
- Veto events with leptons, photons, b-jets 10

e Dominant backgrounds: Z(vv)/W(lv)+jets, y+jets s
Constrained in data-driven control regions (CR)

) High-purity| ]

-3 I I I
10 0.0 0.2 0.4 0.6

0.8 1.0
DeepAKS8 score
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http://dx.doi.org/10.1007/JHEP11(2021)153
http://dx.doi.org/10.1088/1748-0221/15/06/P06005

e Challenge: Estimate boson p_.in Z(vv), W(lv)

Monojet Signal Region (SR)

Maximume-likelihood fit

ee, uu,y, e, u
5 control regions (CR) per SR

[

Signal region Control regions
Z(w) < Z(ee), Z(up)
yield freely nd
floating per bin —|-
W(lv) < > W(ev), W(pv)

4P Monojet 137 fb~1, 2016-2018 (13 TeV)
> ! T o T 5 & || % ¢ | IR N E
& [ CMS Background-only fit ]
; 104 B Z+jet 3
€ F 0 W+ jet E
$ ook 1 Other
LIJ =

102F

10!

10°

10~ — H(inv), BR = 25%

— Axial, Mpeg =2 TeV, my = 1 GeV

10—2 N O N S O | O | O O S |
125 :
o F
& 1.00(e-0-00-00-0-0-0-0-0-0 o 4
Q L
8075‘ PR SR NTR T SRR NN SR S TR ST S S S| |

o 2

o

a

8 0 [ L g I s L L

8 400 600 800 1000 1200 1400

pI'** (GeV)

Transfer factors from MC

Normalization and shape from data
> Common uncertainties cancel
especially theory, jet/p.™* calibration

[
[
[ ;
59.7 fo! (13 TeV)
> [T T
810 © CMS Preliminary —¢— Dat EH
2 Monojet
%1035. 201BJ Post-fit (Z <» pp) 1
g 8 —— Pre-f(Z = up)
D 10°E % E
-
.' Other Backgrounds
10 L, ™
1 B N
R
1 L‘_H 5 *le
-
.
¥ - =
107
3 H i o S
2
107F ‘,_\_I_Ll,
i [ )y ¢l P T R o |
FRTTEE  ES  = SO
i 1.2 " P Al = -
= Dg5’»32‘&32'&370?‘&7""?_",‘"‘.“: """ - s g
806l | e P HPETY PO PR
3| - : T T
;CO’ - il el
8|2 [ PO 1D I e
400 600 800 1000 1200 1400
Recoil [GeV]

100

|
|

00

|

100

po

JHEP 11 (2021) 153

Jeongeun Lee (SNU), 11-16 Sep 2023


http://dx.doi.org/10.1007/JHEP11(2021)153

Mono-jet/V results

m
m

137 fb~1, 2016-2018 (13 TeV)
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Best sensitivity at low masses

Monojet dominates in low-gq regime if DM coupling sizable (depends on parameters)
Higgs portal : VH mode = Constraint on BR(h > invisible) <27.8% (in backup)

JHEP 11 (2021) 153
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http://dx.doi.org/10.1007/JHEP11(2021)153

Mono-Z(ll) search

e Signal: Events with OSSF dilepton (ee, up) + me‘SS
e Selection:

- Single/Double lepton Triggers (ee 23,12, uu 17,8 GeV)

- offline p,'*?> 25 (20) GeV, p,™**> 100 (80) GeV

- |M-M,|<15GeV, p."> 60 GeV, AR < 1.8

- n,<2, b-jet, tau veto Ad(j, p,™*)>0.5,

- Kinematic cuts: [p.™*-p_"|/p."'<0.4, Ad(Z, p, ™) > 2.6

Chad Freer's talk

e SM Background Control Region (CR):
o 3-lepton CR: WZ-lvll
o 4-lepton CR: ZZ> Il Non-resonant signal in high p.™**or M_ tail
o euCR:OSOF events Fit me'SS or M. (2HDM+a) to data
@

DY CR : IOW meiSS Sideband (80'100) ﬁiﬁ -9 ﬁ]{% o

I ERJ. C 81 (2021) 13 Jeongeun Lee (SNU), 11-16 Sep 2023 8 I
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http://dx.doi.org/10.1140/epjc/s10052-020-08739-5
https://indico.cern.ch/event/858855/contributions/3863198/attachments/2048865/3440217/S-channel_DM.pdf

Mono-Z(ll) results
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http://dx.doi.org/10.1140/epjc/s10052-020-08739-5

Events / GeV

Data / prediction

Signal : 2 high p_ forward (3 <|n|< 5), energetic jets + p_™** /g//

2 categories : MTR (VTR) = MET (VBF) Triggered Region

p,™**>250 (160 - 250) GeV, min[ Ad(p. ', p,™*)] > 0.5 (1.8) H

m. > 200 (900) GeV, |Ad. | < 1.5 (1.8) T
i j : : )

Dominant backgrounds : Z(vv)/W(lv)+jets, y+jets = 5 CR 1

CMS 101 o' (13 TeV) CMS 96.4 fo' (13 TeV) q' ~—
MTR SR —% Data Z(vv)+jets (strong) (%5 10°- VTR SR —4— Data Z(vv)+jets (strong)
Z(vv)+jets (VBF) W(lv)+jets (strong) — Z(vv)+jets (VBF) W(lv)+jets (strong)
W(lv)+jets (VBF) Other EW 2 e W(lv)+jets (VBF) Other EW
HF noise [ acb muttijet qc, HF noise [ acp muttijet
Total bkg. (B-only fit) E&% Total bkg. (S+B fit) + 10 Lﬁ 10 Total bkg. (B-only fit) &éé: Total bkg. (S+B fit) + 1o

= = VBF — = ggH+VHA1tH = = VBF — = ggH+VH-ttH
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Events / 2250 GeV
107
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0 —_—— e
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http://dx.doi.org/10.1103/PhysRevD.105.092007
https://cms.cern/news/sensing-invisible-higgs-lhc

e SMexp. BR(h-inv) ~0.1% (given by ZZ* > 4v) = Enhanced decay in models (m_j,<m_/2)
e Combination of previous results since Run 1 (7 TeV, 8 TeV)+ 2 (13 TeV).
e BR(H->inv) limits translated to o, limit to compare with direct detection experiments.
e Higgs boson not only provides mass, it could also serve as a portal into darkness !
4.9 fb" (7 TeV), 19.7 fb" (8 TeV), 140 b (13 TeV) - 4917 (7 TeV), 19.7 fo" (8 TeV), 140 fb™' (13 TeV)
T F | | | | 1< T o T e
F ook CMS 95% CL upper limits 5 10°E ", CMS 90% CL limits
S TE e observed _ I ] & o0 " B(H — inv) <0.14 ]
é 0.8 - ©- Median expected B(H — mv) = Tom+Tinv 3 (_és 106> Higgs portal modeIsE
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T f . 0.26 (0.30) 249 (0321 1528 o Doyt e T
1 06 ATLAS in backup = v B ‘, 5 Vector oMU 3
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0.4 -46 S g — o LU
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https://arxiv.org/pdf/2303.01214.pdf

Mono-WW search

e Search for Dark matter and dark higgs in WW +p_™is dark Higgs model 1701.08780
e Final states : di-leptonic (e, ep) , semi-leptonic(1 lep+ = 2jets)

e my:100-300GeV, mz:200-2500 GeV, ms: 160 —-400 GeV ( WW highest BR) v

e Discriminators: ,

,,’Is dark Higgs
singlet ‘s’

W+

mr of subleading lepton and me‘SS(di-lep), BDT (semi-lep)

.. -1
CMS Preliminary 137 fo™ (13 TeV) CMS Preliminary 101.2 o™ (13 TeV)
C T T T T ‘ T T T T | T T T T I T T T T
5 10" = g Other background B Drell-Yan S 0 Fgmimn e vy
@ 108 — \l;lvlgvgs Non-pror_npt £ 10° I Drell-Yan Non-prompt
= Ol e c 10° tW and ti B Wijets
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10° Mu Mu W o4
3
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1 \
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- L
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8 s b ..t + s 8 s RS S w+
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. nins P . o o
bin number (m, - m:™ ™ ) BDT discriminator  First dark Higgs attempt at CMS
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/
https://arxiv.org/abs/1701.08780

‘ Mono-WW results

e Results from the combined channel (di-leptonic + semi-leptonic decays)
e Most stringent limit form_ =200 GeV:

o m_<350 GeV exclude at m_, =700 GeV Z’ coupling: ga=0.25
o m, <2200 GeV excludesatm_=160 GeV , o g=1
> Higgs mixing: sin8=0.01
.. 1
200 CMS Preliminary 137107 (13 Tev) CMS Preliminary 137 o' (13 TeV)
< - et T Dark Higgs, Z' — DM + s (WW)| 4 S — 00T ; ; ] >
L : i o > - Dark Higgs, Z' — DM + s (WW) 5
O} - Majorana DM__mx =200 GeV £ I¥ i _= T 2
O, asol 6=001,g =025g =1 1 2 O r ZI ijng?agDT i} o
N B = Expected 95% CL — 10 » 350 — ,,( i o; L | 2
S B e Observed 95% CL . E C B — gbZent/e(:j%ss"/A%LL 3 19
L + 1 std. dev. — B + 1 std. dev. 2]
L + 2 std. dev. 7 + 2 std. dev. 7
300 Q. oo 1 300 - s_)czh2td= i 7
I ] L 1
2501 3 2501
200 g 2001
N 1 L 1 107
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/

First dedicated collider search for inelastic DM !
e Signature:

Dark photon A’ produced, recoiling against ISR jet.

A’ promptly decays to two DM states y, and y, with near

mass-degeneracy (> x, is LLP)
e Macroscopic y, lifetime makes a displaced dimuon vertex X1's  Soft muons
e Small DM mass splitting (A) = a soft p collimated with p_™*
e Advantage of low background

p

Missing
5 Parameters: transverse
ml(Xl): 3-80 GeV, AEmz—ml: {0.1, 0.4} m ,m,= 3m1 momentum
ct(x,) = 1-1000 mm,a =a_,,0.1

e Kinetic mixing ¢ between y/Z and A’ introduces SM portal
e Discriminator: Muon vertex displacement, dxy

CMS transverse cross-section
from Andre Frankenthal

2305.11649 Phys. Rev.D 64,043502  Jeongeun Lee (SNU), 11-16 Sep 2023 14



https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-010/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502

Mono-displaced results

e Upper limits are set on the the o(pp>A’ >y x,) X BR(x, > x, U1t ).
e Higher experimental sensitivity to lower mass splitting (A) scenarios.
® a,=a,, scenario more sensitive, but a = 0.1 scenario more cosmologically relevant.

CMS 138 fb' (13 TeV) - CMS 138 fb' (13 TeV)
i:: A=0.1m, "é i} A =04 m, "é
E """ Expected (o, = ag,) — Observed (o, = ag,,) g § """ Expected (o = ag,) — Observed (o = ag,,) g
g | e Expected (o, =0.1) —— Observed (a,, = 0.1) { w E ..o 8 Expected (o, =0.1) —— Observed (a, = 0.1) j &
T z "L 10 <
~ 10° b o '
> = B i
1 i7" XN x(\l
. 5 102 ¢ 102 %
E < <
i R R 1
1078 = 3 Q 3 Q
- e Resona 0 5
i g inm, 30 5
109 —— 104 ° 10712 104 °
4 567810 20 30 40 4 567810 20 30 40
. . . m, [GeV m, [GeV
Comparison with theory in backup wlev] ile]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-010/index.html

Conclusion

Mono-X Dark matter searches are core physics program in CMS.
Wide range of probes for different types of SM-DM interactions.

o DM +jet, Z, H, photon, top, diboson, displaced muons ..
Presented results for CMS, all of which use the full Run2 results.
Strongest constraints from full data set typically in TeV range.

Still plenty of additional parameter space for small couplings, etc.
All DM public results in here = ATLAS , CMS

Partial Run-2 results to be updated to full Run-2.
= Stay tuned for this and the upcoming Run-3 !

Thank you for your attention!

Jeongeun Lee (SNU), 11-16 Sep 2023 16


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Papers_Conference_notes_Public_n
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/DM.html
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http://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

vector mediator (qq), gq = 0.25, gou = 1, m; = 1 GeV

vector mediator (£), gq = 0.1, gow = 1,g; = 0.01, m, > 1 TeV
(axial-)vector mediator (qg), 9o =0.25,gpu =1.my =1 GeV
(axial-)vector mediator (xx), gq = 0.25, gpm = 1, my = 1 GeV
(axial)-vector mediator (i), g = 0.1, gpw = 1, gy = 0.1, My > Mmaql2

(axial)-vector mediator

0.35-0.7 1911.03761 (= 3))
0.2-1.92 2103.02708 (2e, 2p)
05-2.8 1911.03947 (2))
0.0-1.95 2107.13021 (2 1j +py'™)

0.2-4.64 2103.02708 (2e, 2p)

scalar mediator (+t/tt), gg=1,gou=1,my =1 GeV
scalar mediator (+tf), gg=1,gou=1,m, =1 GeV
scalar mediator (fermion portal), A, = 1, m, = 1 GeV

scalar mediator

0.0-0.29 1901.01553 (0, 1{ + = 2j + p7™)
0.05-0.4 2107.10892 (0, LI + = 2] + p7"™)
0.0-15 2107.13021 (= 1)+ p7*=)

pseudoscalar mediator (+//V), gq=1,gom =1,m, =1 GeV
pseudoscalar mediator (+t/tf), go =1, gou =1, m; =1 GeV
pseudoscalar mediator (+tf), gg=1,gon=1,m,

pseudoscalar mediator

0.0:047 2107.13021 (= 1j+ p7=)
0,0:0.3 1901.01553 (0, 12 + = 2j + p7™)
0.05:0.42 2107.10892 (0, 1 + =2J + p§'™)

Dark Matter

complex sc. med. (dark QCD}, my,, =5 GeV, Ty, =25 mm

Baryonic Z/, g, =0.25,gom =1,m, =1 GeV

Z' mediatoer (dark QCD), mgax = 20 GeV, rip, = 0.3, agani =a:::
Z'~2HDM, gz = 0.8, gom =1, tang = 1, m, = 100 GeV

Leptoquark mediator, 8 =1, B=0.1, Ay px = 0.1, 800 < Mg < 1500 GeV
axion-like particle, ! =1.2 Tev~?

inelastic dark matter model, y = 107%, ap=0.1

inelastic dark matter model, y =107, ap=0.1

dark Higgs, g9q = 0.25, gon = 1,8 =0.01, m, = 200 GeV, mz = 700 GeV

0.0-1,54 1810.10069 (4j)
0.0:16 1908.01713 (h + py'ss)

1,551 2112,11125 (2] + pp=

0.5-3.1 1908.01713 (h + p*)
0306 181110151 (1 + 1) +pPs)
0.5-20 CMS-PAS-EX0-21-007 (pp + vY)

0.003-0.08 2305.11649 (2 displaced p + py'=)
0.02-0.08 2305.11649 (2 displaced p + p7'™)

0/16:0.352 CMS-PAS-EXO-21-012 (12 + 2 + pJ'ss, 2 + pps)
4 i i " - i

1
1072

M
107!

10°
Mass Scale [TeV]

SummaryPlotsEXOQ13TeV
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Dark matter mass M, [GeV]

Dark matter mass M, [GeV]
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SummaryPlotsEXO13TeV

2HDM+a
m_vsm
a A

1200

1000

800

600

400

200}

LI B B B B

Solid (dashed) lines: observed (expected) limit at 95% C.L.
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Ma =My = My:
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|

T
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Ef'ss 4+ Z2(e*2-), 137fb™"

Eur. Phys. J. C 81 (2021) 333

Ess 4 ], 137 b

JHEP 11 (2021) 153

EMss 4 h(bb), 36fb~"

Eur. Phys. J. C 79 (2019) 280

ATLAS summary
plotin backup
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Resonant non-resonant mono-jet resonant bb/tt prod

9_ (mono-z/h) z/h? g g 9 b
L /A
. il

Y

bb |n|t|ated (mono Z) V (mono 7h)V

h
/
Ala I
—"‘ A/a ""

bg mducetd (

t
H* _
b

t

2HDM+a, Dirac DM, sin6 = 0.7, tanf = 1, m = 10 GeV, g9,= 15 m, =My =my

ATLAS

T

b \
Vs =13 TeV, 13§fb‘

o

]

"+* Limits at 95% CL
—  Observed
--  Expected |

] (mono-jgt) .

Higgs not only provides mass, it could
also serve as a portal into darkness !

200
100

' ofl IR P70, P (T T T B T
300 400 500 600

i
200

h-»>aa
(low mass)  ;/

9 <1/x

] V— ET+h(bb), 139 fb’!

JHEP 11 (2021) 209

ET™+h(yy), 139 fb”

g JHEP 10 (2021) 13
1 V— EFs4+Z(Il), 139 fb!

PLB 829 (2022) 137066
EMS1tW, 139 fb'!
arXiv:2211.13138

— E'4j, 139 fo'!

PRD 103 (2021) 112006

toH(tb), 139 fb”"

JHEP 06 (2021) 145
— {iff, 139 fb™
arXiv:2211.01136
h—invisible, 139 fb™!
arxiv:2301.10731
— Combination
ET*+h(bb), ET+Z(ll), toH: (tb)
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h>aa-»>xxyy
(low mass)

(d) VBF + photon topology

(e) H+jet topology

ATLAS

Is=8TeV, 20.3 fo''

— E™+h(0b), 139 b

JHEP 11 (2021) 209

h—invisible, 139 fb™

arxiv:2301.10731

Vs =13TeV, 36.1 - 139 fio:!"

— h—aa—pprr, 20.3 b

PRD 92 (2015) 052002

h—aa—pupp, 36.1 fo™

JHEP 06 (2018) 166

— h—aa—upuy, 139 b’

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bby, 139 fb"

PRD 105 (2022) 012006

102

m, [GeV]

— Observed Relic Qh? = 0.12
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Vo .

h b X
/
Ala ¢ -
-4 “a
a g X X
( S~
b X b h

ATLAS-EXOT-2018-064 arXiv:2306.00641
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Axial-vector mediator

137 fb=1, 2016-2018 (13 TeV)
T T T 7

T

T
© 1400}~ Axial mediator
9q=0.25,9,=1.0
—= Median expected

12001

68% expected
+ 95% expected
Observed
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200
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Fermion portal

137 fo~1, 2016-2018 (13 TeV)
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Mono-jet/V : Limit on BR(h~invisible

137 fb~1, 2016-2018 (13 TeV)
—_— s -

—_~ 1 .0 T ! T | T T

T .

= [ 95% CL upper limits 0 . . .

§ i 95% expected s The final combined (Mono-V + Mono-jet)
ogl T® 68% expected 1 limit:27.8% (25.3% expected)

é‘g | -e- Median expected

I | —e— QObserved

’é‘ |
= 0.6
P L
=
m -
0.4
X
0.2
0.0 _l ! | | | 1 |- X

Clombineldl | ll\llono—\) — ll\/Ionojelt
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e 3-lepton (WZ) and 4-lepton (ZZ) control regions to estimate 2-lepton WZ and ZZ
o Also, ey CR: OSOF events and DY CR: low p_™"** sideband (80-100)

137 fo™ (13 TeV)
LML LA

> St ¢ % = 1 % =
0] CMS ¢ Data
(D 1 03 N\ Bkg. unc.
~ ) wz
n 5 3-lepton control region 7z
'.GC-; 10 Nonprompt
Y
o 10 WZ CR vy
1
10"
1=
107
" " l 0 L L 1 " " " l " L "
S 15 F E
z *++¢I ....... ;
© E .
[a) 0.5 :— —:
200 400 600 800

Emulated p':iss [GeV]

Emulated me‘SS (M, ) is estimated from the vectorial sum of me‘SS and additional lepton p.

Events / GeV
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Signal Region

137 1 13 T2V)

104 T H £
% CMS Z(iph,, (inv.) ¢ Data 3
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Higgs
Invisible

T 1 ] T T

' T T

l 68% expected

-e- 95% expected

Lower Limit M, [TeV]

137 b (13 TeV)

= ADD (the fundamental

- Observed 95% CL - Planck scale M)

i exclude M~ 2.8 TeV (backup)

= Zh(Invisible) model
I Br(h > invisible) <29 % (backup)

T T

CMS 137 fb' (13 TeV)

Expected
bkg. only stat

. Expected :
bkg. only stat+syst

= Observed

4| 95% CL

Fig. 12 The 95% CL expected and observed exclusion limits on Mp

as a function of the number of extra dimensions n

68% CL

0 0.1 0.2 0.3 0.4
B(h — inv)

Fig. 9 The value of the negative log-likelihood, —2AInZ, as a func-
tion of the branching fraction of the Higgs boson decaying to invisible
particles
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s portal WIMP (CMS

Analysis tag Production mode Integrated luminosity (fb™!) C M S
7 TeV 8 TeV 13TeV (Run 2)
VBF-tagged VBF — 19.2[90] 140 [89][34] 2303.01214
Z(¢0)H 49[90] 19.7[90] 140 [89][32]
; Z(bb)H — 189 [90] —
NEERREL M - 19.7[91] 140 [89][this paper]
Boosted VH — —_ 138 [33]
- ttH (hadronic) — —_ 138 [this paper]
tH-togged by Qeptonic) €= — = 138 [29, 30]
ggH-tagged ggH — 19.7 [91] 140 [89][33] q
q
(a) VBF topology (b) Z + H topology (c) t7H topology
ATLAS g
t H X
2301.10731 ===
t X
(d) VBF + photon topology (e) H+jet topology
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95% CL upper limitonB,, ;.

Combined limit on BR(h-> invisible)

T | T T
ATLAS

0.9 - Observed —E
0.8 (5=7TeV,47 ' -- Expected 3
- Vs =8TeV, 20.3 fb' I+t E
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0.6 |
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0.3 EE ) - _;
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ATLAS : Br < 11% (7.7 %)
CMS : Br < 15% (8 %)

—
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e
IS}
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©
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&
d
=
=
©

= ] T LI RS pax
i ATLAS 7
10% | s= 7Tev, 47"
- Vs= 8TeV, 203" ]
- Vs=13TeV, 139fb" -
16 ~ =
T \ R e —
10_45 = \"'-‘-..- e
:— F T —:
10—49 E zllur'in<’_'
F coherent elastic )wul/'lrm»/mc/t’u\ Scc =
10 = —
= —
il saaal n W 2 0 | n PRI i

16! 1 10 102 10°

Mye [GEV]

BH — inv <0.093
All limits at 90% CL

Higgs Portal WIMP:
Scalar

Majorana

VectorEFT

Vector yy model, o = 0.2

Other experiments:
Xenon1T-Mig
— — DarkSide-50
PandaX-4T
LUX-ZEPLIN

10 e

WIMP-nucleon og; [cm?]

PRL.131.041002 (2023)

1
10°

10° 10

WIMP Mass [GeV/c?]

ATLAS arxiv:2301.10731
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Mono-VBF event selection

Observable MTR VIR

Choice of pair leading-pr jets leading-m;; jets
Leading (subleading) jet pr > 80 (40) GeV, |n7| < 4.7 | pr > 140 (70) GeV, || < 4.7
piniss >250 GeV 160 < pMiss < 250 GeV
min(A¢(pmiss, pr)) >0.5 >1.8

A <15 <18

1 >200 GeV >900 GeV

‘p?lss _ Calo p?lss‘ /pgrmss
Leading/subleading jets || < 2.5
HF noise jet candidates

T, candidates

b quark jet

T2

| Argij|

Electrons (muons)

Photons

<0.5

NHEF < 0.8, CHEF > 0.1
0 (using the requirements from Table ??)
Ny = 0 with pr > 20GeV, || < 2.3
Njet = 0 with pr > 20 GeV, DeepCSV Medium

<0
>1

N, = 0 with pr > 10GeV, |y7| < 2.5(2.4)
N, = 0 with pr > 15GeV, || < 2.5

PRD 105 (2022) 092007
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Inelastic DM search

Key Parameters
e m; (DM mass)

* x (mass splitting fraction)
> A — .\"”] Varied in CMS

search
»my=m+ A
* 7 (p, lifetime)
 ap (dark U(1) coupling) t Fixed @ 0.1 or &
 HEgr— 3’nl } Fixed, or determined
* ¢ (kinetic mixing parameter) J by other parameters p

Two important quantities to consider in exploring iDM parameter space:

4 2 5
5 m, de“aapA
yEeap| — | «{(ov) I, =
my 157my,
® Determines relic density e |ifetime of heavier DM particle
® Need to ensure consistency with e Small mass splitting A and kinetic

cosmological observations mixing can give ¥, a macroscopic

lifetime

from Sam Bright-Thonney’s talk Jeongeun Lee (SNU), 11-16 Sep 2023 30



* Jet & MET selection:
* Trigger on MET triggers
* Offline MET > 200 GeV
* 1lor2jetsonly

* No b-tagged jets

* Leadingjetpr >80GeV, |n| <2.4
* Sub-leading jet p; > 30 GeV
* |Ad|(MET, leading jet) > 1.5
* |Ad|(MET, sub-leading jet) > 0.75

* Dimuon selection:

displaced Stand Alone muon

2ID’ddSA muons «

q1'=q;

Vertex y?/dof < 4 (pick lowest)
dR(muons) < 0.9

3D angle a > 2.8 rad

|Ad | (MET, muons) < 0.5 (next slide)

A &«

|+ dsAID: Use only muon hits

*  Number of muon chambers > 1
*  Number of muon hits > 12

* And > 18 if no CSC hits
 Track y?/dof< 2.5

* o(pr)/pr<10
s &pr>5GeV,|n|<24

* SR categorization: —
0, 1, or 2 dSA matches with ID’d PF+|

muons

¢ “PF” Loose ID:

* Muon is a PF muon
* And muon is a Global Muon
s &pr>5GeV, |n|<24

) SR (0 muon matched)

138 ! (13 TeV)

§ E cMs ------------------
.'é’ 1()6 - Preliminary 0 muons matched
1] E
o 108 L Background —— 50 GeV, 10%, 100 mm
E —— 5GeV,40%,10mm  —— 60GeV, 10%, 1 mm
10%
: R
10° E
10°E
10 ;— dssssssssiiinpisiiiisitics
1k
E Vo,
107k iz
! L W NN

20 25 30 35
min(dfy, dfy) [cm]
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7

< Fo— T T T T T T
S 10 cMs E
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T 106k -
o 10°F =
u>_| E Background —— 50 GeV, 10%, 100 mm f
10°F -
E — 5 GeV, 40%, 10 mm e 60 GeV, 10%, 1 mm
E E
10 E + Data 3
10° -
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— ]
1k ES WWM. -
LB !
107 E
-l_’_'--l— O |
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= A B
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SR (2 muon matched)

138 fb (13 TeV)
T

£ .3 A BEEma T ]
210 F chis
g 107 g_ Preliminary 2 muons matched ‘;
Lﬁ 10° E Background —— 50GeV, 10%,100mm |
E 3
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107 g E

F Data E
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€ap (m/m4)°*

y'_'

Depending on mass splitting, can probe an unexplored and relic density-consistent range
of parameter space!

Sensitivity to heavier dark matter compared to direct detection experiments, lepton
colliders, and fixed-target experiments

Sensitivity better than expectation given ~ half of dataset

iIDM could explain the
observed thermal-relic DM

A=0.1 m, ,m,= 3ml , 0y = Ay, A=0.1 m, ,m,= 3m1 , Oy = 0.1 abundance in the universe
Fermion Thermal Relic iDM, A = 0.1 m; , @p = @pym Fermion Thermal Relic iDM, A = 0.1 m;
10~ adb e L] 10-4} : \\\ LHCS
1073 &-2), -5 ~i -1
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-010/index.html
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Public DM Results : ATLAS , CMS
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https://cds.cern.ch/record/2854869
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Papers_Conference_notes_Public_n
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/DM.html
https://moriond.in2p3.fr/2022/EW/slides/3/2/6_DPerezAdan.pdf

