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Other Exp Drlvmg Bounds

[ meeas LAT 45 dSphs 15 yea i 10_40
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Future Experiments in other domains have clear benchmarks

With current DM searches, we aim to complement these



Relic: Driving Bounds
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arxiv:2203.12035 We can do the same for the relic bounds


https://arxiv.org/pdf/2203.12035.pdf
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Driving Factors

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

y rare processes: & precision frontier: energy frontier: high-energy colliders
B-factories, fixed target experiments

current: LHC
near term: HL-LHC

excluded

current

o Re\ thermal milestone
1“9““3\ — 2q (DM 4
107147 Y Mimed
| l I : >
100 MeV 1 GeV 10 GeV 100 GeV

dark matter mass



Complicating Models
Complicates Relic
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Driving Factors

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

rare processes: & precision frontier: energy frontier: high-energy colliders
B-factories, fixed target experiments

current: LHC
near term: HL-LHC
excluded long term3z ECEC:zhh)
current
thermal milestone A
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Driving Factors

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

y rare processes: & precision frontier: energy frontier: high-energy colliders
B-factories, fixed target experiments

10_4 current: LHC
near term: HL-LHC
excluded longjtermsE€Czhh)

10~ current. l

(\Ga‘ thermal milestone A
92 mMpMm
10714 e a<mme )
Center of Mass ’
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Driving Factors

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

y rare processes: & precision frontier: energy frontier: high-energy colliders
B-factories, fixed target experiments

10—4 current: LHC
near term: HL-LHC
excluded long/term: ECC=hh
10~
o Future colliders
R -
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VWhats on the Marke’gc

BeamDump+

LHC

0.2x1012Z bosons
2 X 1012W bosons

0.2 x10°H bosons
Up to COM of 8 TeV

<10 years

et/e-

3 x1012Z bosons
2 X 108 W bosons

1 x10H bosons
Up to COM of 500 GeV

2055-2060

puHp

Muons are cool
Up to COM of 10 TeV

By 20607

PbPb

50x Current bounds?
0.45x108 V-enhancment

<10 years

100 TeV-pp

1x1013Z bosons

1 x1014 W bosons

1x101%H bosons
Up to COM of 8 TeV

The Future
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Scope of DM at Colliders

Complex signatures tend to win from
luminosity

Stealth
SUSY

Emerging
jets

Neutral
natural-
ness

Hidden

: valleys
Fermion y

Vector portal Hidden

Abelian
Higgs

Inelastic
Dark Matter
Extended

Simplified dark sectors |
dark sectors 2HDM+a

Neutrino
portal

Dark sector
models in
CMS searches



Searches @ colliders

e | ight light dark matter there are 3 styles of searches

Invisible Searches

R £ DM

*
4

A DM

L 4

4171 detectors @
LHC (ATLAS/CMS)
use conservation
of transverse
energy for
signatures

Long-Lived Scearch|(:9)|5‘</I Visible Searches

CT “v

DM?* .==*9 DM

q7e!“7' '&
Extensive detector LHC can tag
capabilities make every type of
displaced signatures object

up to 5m possible
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Visualizing the landscape

Invisible
C
O
S 2
LL (&)
@ o
O Semi-visible | »
12 O
> .
= Displaced
Objects
Visible

Lifetime (cT)



Invisible Searches

Visible SM(Something)

» X % X Dark matter
We look for an imbalance in the event
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Invisible Searches

s -
.
.

,I S
Belle-Il

. ;) .
Y 'o'
vy *
uoo,
. 'i' o
N S

LDMX(meson)

“Belle-II

DM Produced via

Line/Shading Types
["1 Excluded

| Operating Exp. & DUNE
= DM New Initiatives

Proposed non-DMNI

Couplingto | | Int'l Proposed
—— [ jelectron | |- Post-2032 Proposed
—  muon
— [/ hadron Thermal Milestones
IR | T S R | |
1072 10~ 1

m,(GeV)

For Light Invisible DM

Next decade bodes well

Experiments like LDMX
Can probe many
convential invisible
decays
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Invisible Searches
10_82 ::==03’5nx - I / What can you do

over here?

My > 3.5 GeV

Line/Shading Types

7] Excluded — Mmed > 10 GeV

Operating Exp. & DUNE

-— DM New Initiatives

. -—- Proposed non-DMNI .
DM Produced via 1
Produced via | || | The LHC is the only
10-14 electron Post-2032 Proposed ; g ame N town
—_— muon ]
15 hadron —— Thermal Milestones |
107 "°¢
1073 1072 107" 1

m,(GeV)
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LHC Invisible Search

e This analysis tends to be dominated by the monojet search

- MET+X searches, such as tt+X are also powerful

- We focus on the monojet to start with

35.9 fb™' (13 TeV)
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Monojet analysis (MET+X) are built out of multi control regions exptrapoaltiosn



L HC Invisible Search

e Analysis scale with sqrt(luminosity) forever

- Provided we keep experimental uncertainties under control
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FCC-hh Invisible Search

e Analysis scale with sqrt(luminosity) forever

- Provided we keep experimental uncertainties under control

-IIIII | IIIIIIII | IIIIIIII T T TTTTI T T TTTTI T T TTTTI | Illllll_-t

100 TeV

[
|

107"

BR(H—Inv)
[ IIIIII|
[ | llIllIl

1072

I IIIIIII|
| Illlllll

- default T

---#-- default no exp. sys T el

1073

1% unc.

[T T TTTI

1% unc no exp sys.

FCC-ee

-ll'ndl o 111l

= ——— BR(H— ZZ— vvwv)

EREITI BN R RTIT] B R AR
10° . 10 10°
Luminosity (fb™)

Cross the SM neutrino wall/at FCC with < 1 ab™’
There i1s no systematics wall
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Sensitivity
e Benchmarking on Higgs to invisible we find
- Current LHC H(inv) > 0.08

- Future LHC H(inv) > 0.02 (Lumi projected is 0.018)
- FCC-ee H(inv) > 0.005 (Less Higgs and Less BkQ)

- FCC-hh H(inv) > 0.0002 (Lumi+o projected is 0.0002)

o(100 TeV)
, Note: ~
o(14 TeV)

e Analytic lumi and cross section scaling works quite well

20

- Event with systematics embedded in fit

- This is because of the all the control regions



Significant Impact

J)%tltlve with the best dlrect detection experiments
E 10740 \ng 2} |

O, \\
= 10™
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0 107%°

30 ab™ (100 TeV)

(H— inv.) < 0.0001

- -
® 10 Taking optimistic bound

B 1044
O 10

=

O 1077
D 10
£ —47
5 10
Z o
Y 10™

y [ ©

1 10 102 10°
DM mass [GeV]
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Translating to

mDM [] []
Z-axis is ®)
: c
Cross section bound =
. o
Fix a specific axis S
MpDM =Mmed/3
Mmed
I\arruad
137 fb~1, 2016-2018 (13 TeV) | | 137 fb_1’|2016'2018 (13 TeV)
= ——— 77— —1.000 ~ > | .t
> 1400l- Vector mediator P = > CMS
% | 9q=0.25,9,=1.0 7 s |
8 o P 5 [oom
() y _?:‘)
- 95% expected - )
10001 — Observed < S\J/eft;)romedlator
| = 4L IX T ' AR
i g 101" mDM=mmed/3
800} = [ ‘ 0
i ) Q_hZ’O‘

600}
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)
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200 ;',"/

| 5 ] 95% expected
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200 1000 100 2000 riSOO (Gue\sl(;00 10 0 500 1000 1500 2000 2500
med Mmed (GeV)

https://arxiv.org/abs/2107.13021  Coupling on y-axis shows overall sensitivity


https://arxiv.org/abs/2107.13021
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Projecting To the Future

T T T T T T T

- CMS

137 fb 1 2016 2018 (13 TeV)
| gq = 025
Vector mediator

I J
gX=1.0

101} P
- MpM = Mmed /3 ;

Qre = 012 |

95% CL upper limit on the coupling gq

-o- Median expestad
—o— Observed

Bl 68% expected
95% expected

_2 Il L 1 1 | L 1 | L I 1 L 1 1 I L 1 L L I 1 L 1 1
10 0 500 1000 1500 2000 250
Mmed (GeV)

With e+/e- p0|arized 500 GeV 103

Linear collider Beam
FCC is not competitive

107°

For Heavy Vector and Axial vector DM
we exclude with the LHC

With 100 TeV, we exclude everything

107"

1072 |

107 ¢

Monojet best limit

Q h?
Vector Projection 3ab’

Mpm 1 e approx FCC-hh (100 TeV)
mMed 3
Ll I 1 1 | | L1 1.1l I 1 1 1 1 L1 1 1l I
10 10? 10°

My (GeV)



Lost In Translation

e | HC has used a different model/notation to present results
- These models basically the same to FIP/PBC benchmarks

¢ In the past year we have made an attempt to consolidate
- General we can recast many analysis towards dark sectors
- This talk will cover FIP based results at the LHC

- The full range of LHC goes beyond FIP based models

Every other collider | LHC can only go here
or beam dump Traditionally present searches

down here in terms of Scalar and Z

10 GeV MMED



Mapping Analogieg

FIP Models
LHC DM Model Portal Coupling
Vector Model Dark Photon, A, 26089 F’ _BH
Scalar Model Dark Higgs, S (uS + >\S2)HTH

Axion, a £FuFH, LGy G| %y

HNL (same) Sterile Neutrino, N ynyLHN

To get to the FIP Models

Vector Model : Translate the Couplings and add Z interference
Scalar Model : Add the mixing with the Higgs boson

HNL : Nothing
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Translating to

mDM [] []
Z-axis is ®)
: c
Cross section bound =
. o
Fix a specific axis S
MpDM =Mmed/3
Mmed
I\arruad
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https://arxiv.org/abs/2107.13021  Coupling on y-axis shows overall sensitivity


https://arxiv.org/abs/2107.13021
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Translating to Dark Photon

L (/(02) cos by + A/ (¥?)

cos? Oy 1 — A,
2\ 2
<Q2> = (0.3 and <Y2> ~ (0.7 AZ — (mzl/mz)
Heavy Dark Photons

gq €€

o w L s

-1
137 fb~1, 2016-2018 (13 TeV) CMS —— ] 137 fo’ (I1C:3T't9|\/)
— —_—— 7 —1.000 ~ Y E |
. /|
> - , e | =) 10 d
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JHEP 11 (2021) 153
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https://arxiv.org/abs/2107.13021 Moy [GeV]
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Min Coupling For Relic
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arxiv:2203.12035 LHC already excludes gq > 0.1"



https://arxiv.org/pdf/2203.12035.pdf

Min Coupling For Relic
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arxiv:2203.12035 LHC already excludes gq > 0.1"



https://arxiv.org/pdf/2203.12035.pdf

Min Coupling For Relic
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arxiv:2203.12035 LHC already excludes gq > 0.1"
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Connecting with low mass

Pseudo-Dirac Fermion Dark Matter

‘;.} 10_1 R ERLL T TTTT T TTTI

g 102 B

g 107> - .

2 104 CMS

£ 10 S dlncorrect

HL-LHC expectgd

Fixed
e“é\d \
=0.1
gi./mfs
10—15 » 1 %lllll ] 1 llllllI ] ] IIIIIII ] ] lIIIIII ] ] IIIIIII ] L L 1111l
1 10 10? 10° 10* 10° m, [Me\;]oé
LHC goes left when mediator mass gets larrger
m

Note Also that as gets larger LHC DM searches are the only game in town

Myed



A Nicer Plot

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

y rare processes: & precision frontier: energy frontier: high-energy colliders
B-factories, fixed target experiments

current: LHC
near term: HL-LHC

excluded giterm3 ECCzhh)

current

2
© thermal milestone A
92 mMpMm
107 yoea (mmed>
} : I l >
100 MeV 1 GeV 10 GeV 100 GeV

dark matter mass
arxiv:2210.01770



A Better Connection

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

y rare processes: & precision frontier: energy frontier: high-energy colliders
B-factories, fixed target experiments

current: LHC
near term: HL-LHC

excluded longiterm:ECCzhh

current

and this!
(\0'5‘ thermal milestone A
. m
0-14+  We got this! Tough v= e’ (mzhﬁ)
Region
: : | : >
100 MeV 1 GeV 10 GeV 100 GeV

Its going to be hard to probe invisible dark Photon

in the intermediate range dark matter mass
arxiv:2210.01770 ' o€ Interme g
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Scalar Portal(Dark Higgs)

¢ |n a similar vein we can recast Dark Higags model to LHC

Y4 sin? Omy,, (1 4mi ) 3/2

I'(h1 = xX) =

2
ST my,.

103

e Higgs to invisible Bounds .- ILHC Higgs Invisible

- Current LHC H(inv) > 0.1 10> |

- Future LHC H(inv) >0.02 b _(

- FCC-ee H(inv) > 0.005 o

- FCC-hh H(inv) > 0.0001 ==

my(GeV)

e |tis hard to have the Dark Higgs model explain DM (Natalia’s talk)

- Requires a very large coupling to satisfy relic
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Scalar Portal(Dark Higgs

¢ |n a similar vein we can recast Dark Higags model to LHC

yDM S111 Hmhl 1 4mx
X m%
1

I'(h1 = xX) =

Invisibly Decaying Scalar Mediator, Dirac DM, g, =1, mg =3 m,

1077+ |
10_10— B+_’K+XY 10"13 .
1071} .o-: | LHC Higgs Invisible
107!
< 108 =
~~ -14
ée_ 10_14 % -E 10
= _15 2 ve
g 10 - Super— E 10-19 4
S 10716 E CDMS |
’; z? // u -
Rl et e e e & 1p-18 4 — LHC (coupling)
18] + 4 ¥ ‘/\ﬂ,” “ — -
~ 107'Sp BaBar B —>K;¢ e NEWS . y FCC-ee(coupling)
) -19 : —
S 10 ; -.‘ T g ¥ g BR(hyy)=10%
10-20} : ( [ PR -
: | =7 | P s HL-LHC
10721 : R Super-CDMS
[__NA62 . Lo SNOLAB 10722 1 FCC-ee
102 K> n" ¢ :
, FCC-hh
1073 : -
N 1 10°4% T T T T T T T T
m, [GeV] my(GeV)

arxiv:2206.03456



Axion Portal

* The Axion portal decaying to invisible particles

- Generally less explored

- We can again recast existing LHC bounds to this

* The simplest model requires a heavy mediator to reconcile relic

Just Gluon Coupling

~

Axion, a

arxiv:2206.03456
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Visible Searcheg

{

el Pl
N\ N\ g

LHC Produces a huge This is very hard
number of leptons but we still do it
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Resonant Serches

Events / 5 GeV
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This work highlights the power of deep learning



Events / 5 GeV

The Search
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e More Hadronic W bosons here than at LEP

- These are very highly boosted
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Comparison w/dark sector
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e Significant constraints that start to approach interesting regions

- Relic density is just a motivator here, its not a true benchmark
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Just Quark Couplings

CMS Preliminary July 2024
T I~
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CMS Summary

M. [GeV]

95% CL exclusions

Observed

Expected
I',. /M, <~5%

tt resonance, (JHEP 2019, 031)
35.9 fb™!, 13 TeV

T,/ M, <~10%

Boosted dijet+y (PRL 123, 231803)
35.9 ", 13 TeV

Boosted dijet (EXO-24-007)

138 fb™", 13 TeV

Dijet+ISR jet (PLB 805, 135448)
18.3fb", 13 TeV

Dijet b-tagged (PRL 120, 201801)
19.7 fb", 8 TeV

Dijet scouting (PRL 117, 031802)
19.7 fb', 8 TeV

Dijet scouting (JHEP 2018, 130)
35.9fb" 13 TeV

Dijet (JHEP 2020, 033)

138 fb™" 13 TeV

I,/ M, <~30%
Broad dijet (JHEP 2018, 130)
35.9fb" 13 TeV

Dijet  (EPJC 78, 789)
35.9 fb', 13 TeV



https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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arxiv:2203.12035

Min Coupling For Relic
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LHC already excludes gq > 0.1



https://arxiv.org/pdf/2203.12035.pdf
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Now considering Invisible

CMS

c‘ LI I 1 1 T 1 LI I 1 1 I 1 LI I 1 1 1 1 LI 950/0 CL upper |Iml'[S
— | mpm=mz/3,9,, =10
SN Observed
=
— NN A e Expected
B Thermal-relic density (Q, h? = 0.12)
Boosted Dijet+y, 35.9 fb' (13 TeV)
- Phys. Rev. Lett. 123 (2019) 23
Boosted Dijet, 77.0 fb™ (13 TeV)
Phys. Rev. D 100 (2019) 11
1 Dijet+ISR jet, 18.3 b (13 TeV)
10 Phys. Lett. B 805 (2020) 135448
— Dijet b-tagged, 19.7 fb™ (8 TeV)
- Phys. Rev. Lett. 120 (2018) 20
- Dijet scouting, 35.9 fb™ (13 TeV)
[ JHEP 08 (2018) 130
Monojet (vector), 137 fb™ (13 TeV)
B JHEP 11 (2021) 153
- I',,/m, <~50%
Dijet, 137 fb™ (13 TeV)
JHEP 05 (2020) 033
10—2 L1 1 l 1 1 1 L1 1 1.1 l 1 1 L L1 1 11 l 1 1 L 1 L1 I‘ /m < 1000/
v 1 ~ (]
710 20 100 20 10002000 22 1
- Dijet angular, 35.9 fb™ (13 TeV)
m,,, [Gev Eur. Phys. J. C 78 (2018) 9



Dark Photong

Visible Dark Photons at High Mass dominated by LHCb+CMS

1072

ATLAS/CMS
Traditional
Dilepton Results

107

10 Prompt Di-Muon

LHCD CMS result
relies on

\ Scouting

Displaced Di-Muon datastream

107

CAL I

lIII | | llllllI

1072 107! 1

10°° "
m(A")[GeV]

LHCb capable of triggering all di-muons

CMS result relies on innovative Scouting Stream
LHCb ICHEP



https://cds.cern.ch/record/2788424/files/PoS(ICHEP2020)231.pdf

Future Dark Photcng

Addition of di-electron channel makes LHCDb very sensitive

1072

W

ATLAS/CMS
Traditional
Dilepton Results

107

1074

10~

st LHCDb Projecti|0n
107 10~ 1

LHCDb will add D*—A+SM Decys
ATLAS and CMS will have better trigger/scouting systems

arxiv:2203.07048

10°° "
m(A")[GeV]
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Future Dark Photons

Addition of di-electron channel makes LHCDb very sensitive

1072
(U | [ | | | I; LA ] l] | ] L [I lbl ‘III‘
. =" ATLAS/CMS
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+ 1 Dilepton Results
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10~ " 4° =
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' Experimental Approach -
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1 0_5 ‘ ~———  ppLLP = 3
e Fixed Target - E
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10_7-_ 2- Hm”) ine/Shadin es E
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Future Dark Photons

Addition of di-electron channel makes LHCDb very sensitive

— I\Iuj
103

1074
- (\ IIP\

N
|,

107

10~°%

10_9 1 1 lllllll

LH(I

- LDMX (DMNI L

T T 1T T
"\
/—\

perimental Approach ]
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Muon Decay
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Line/Shading Types
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Operating & DUNE

Proposed (U.S. Based)

e~ Fixed Target
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--- Proposed (International) |

Post—2032 Proposed
Lo

1072 1071

arxiv:2203.07048

ma [GeV]

10

A small coupling is still motivated for
heavy Dark Matter and a light
mediator

Higher COM beam dumps help here?



Beyond LHC’.;

FCC-hh or a higher energy beam dump would help

Not clear that others would
1072 |

J|I. lb

10—3 ol / g | | | U:‘m "
" mr ‘\"1 ,r"",‘ll'l.J R n

D
lIII | | lllllll

FCC-hh will bring order of
107 107 1

107

107

magnitude more(in €) here

10°° »
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Axion Portal

¢ \isible bounds dominated by light-light scatter

CMS < log| linear scale — H I . g
ol | D —— eavy lons very sensitive
4
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arxiv:2203.07048

2 Gluon Coupling is much harder

LHCb has proposed searches in Nt



Axion Portal

¢ \isible bounds dominated by light-light scatter

CMS  « log]linear scale - Heavy lons very sensitive
[ eearee | /-—/ Z4 enhancement
a L e'e’ -3y (OPAL) pp—2y (ATLAS)
107 =
'@ \/ i p.Pb p.Pb
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> I N >
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Extending Model to have a Z coupling

Adding Z decays (Fcc-ee) may be competitive
However a big heavy ion run may help much more

arxiv:2203.07048



Unique Modelg

e Unlike other experiments, LHC has access to the Higgs

- The Higgs enables the possibility of new final states

e The LHC also has more Z bosons than anywhere on earth

- Z boson decays gives rise to additional final states

ALPs

Requires a Higgs Coupling to the Dark Sector

Dark Photons

mu-Philic Photons
q 7

7 Unique high
momentum

Large additional coupling can make LHC sensitive Muon Beam



L uminosity @ LHC

e There will be an enormous amount of data at the LHC

- Strong bounds provided we can tap this dataset

e Higgs or Z boson couplings to Dark Sector yield enhancments

- Provided we have the right model

» Higgs and Z boson couplings are needed for this



Long-Lived Searcheg

Dark Matter is Unstable




Semi-visible decays helg

e Adding complexity to the model enahnces overall sensitivity

o 0.4
52 -
0.35;

0.25F
0.15;

0.052

138 fb' (13 TeV)
1

0.3}
0.2F

0.1

1 95% CL upper limits

dark — dark —

{m,, =20GeV,r_ =03 a, =odl =0.5

dark ’ g
qdark

- S Observed

4 = = Expected

Dijet

1™ JHEP 05 (2020) 033

Monojet

1 ™ JUHEP 11 (2021) 153

Semivisible jet (inclusive)

1 = JHEP 06 (2022) 156
1 ___ Semivisible jet (BDT-based, model-dependent)
i JHEP 06 (2022) 156



Long-lived decays help

e Adding complexity to the model enahnces overall sensitivity

95% CL Upper Limit
Displaced leptons

B(X = ee)=B(X — up) =0.5
| my = 50.0 GeV

Eur. Phys. J. C 82 (2022) 2

== Dimuon scouting
B(X — un) =0.13, m, = 40 GeV
JHEP 04 (2022) 062
Displaced dimuon

B(X — un) =0.13, m = 40 GeV
arXiv:2402.14491

CMS__ 97,6137 fo (13 TeV) + 36.7 b (1.6 TeV)

| llIlll

10~

B(H — XX)

T TTIIn
L

1072

T TTTIn
L

-=Z + displaced jets
X — bb, m, = 55 GeV
JHEP 03 (2022) 160
== Displaced jets
X — dd, m, = 55 GeV
Phys. Rev. D 104 (2021) 1
== MS Clusters
X — tt, m =55 GeV
arXiv:2402.01898
= : MS Clusters
|||1| 11 | |||||| 111 u] 11 X—>bb, mx=55GeV
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1074 -
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Eur. Phys. J. C 83 (2023) 933



Long-lived decays help

e Adding complexity to the model enahnces overall sensitivity

MS  97.6-137 o (13 TeV) + 367 fbo'! (13.6 TeV)
. \ 95% CL Upper Limit

Displaced leptons

I IIIIIEO

| llllll

B(X — ee)=B(X — uu) =0.5
| my = 50.0 GeV
Eur. Phys. J. C 82 (2022) 2

== Dimuon scouting

B(X — up) =0.13, m_=40 GeV Many new |deaS

JHEP 04 (2022) 062

Displaced dimuon
B(X — uu) =0.13, m, =40 GeV For trlgge” ng
arXiv:2402.14491

-=Z + displaced jets Are helplng a IOt

X — bb, m, =55 GeV

10~

B(H — XX)

T TTIIn
L

0—2
Why so good?
107

T TTTTI
L

JHEP 03 (2022) 160
== Displaced jets

X — dd, m, = 55 GeV
Phys. Rev. D 104 (2021) 1

== MS Clusters

X — 17, mx=55GeV
arXiv:2402.01898

= : MS Clusters
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Eur. Phys. J. C 83 (2023) 933
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Projecting To the Future

With a naive recast of the monojet analysis for displaced vertices

Monojet best limit

1074 F \_— .
g — LL external detector best limit
! ——— LL best limit
1075 £ Vector Projection 3ab o
s m
F = DM, _ % ------------------- approx FCC-hh (100 TeV)
-6 | Med
10 T 1 1 13 gl 1 1 Lol L
10 102 10°
My (GeV)

Can get another order of magnitude in coupling pretty generically
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Additional
unstable DM
=™ Many Others
— . o+ By Making the Dark Matter Unstable
4 Invisible searches become Long lived LHC

1071

1072

1073

Fermionic iDM,

A= 3 m; A=0.1,ap=0.1

-
———

104
_________
2
-5 | SNS Experimental Approach Line/Shading types
107> A J DarkQuest .
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arxiv:2207.08990
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We are developing a system that hopefully can

58
Do any analysis on all events H L— L H C

It can't do every analysis on all events

Calorimeter trigger Muon trigger Track trigger

Detector back-end systems

[ BC ]{ HF ][HGCAL] [DT][RPC] osc
——

Global calorimeter
trigger

PPS

- Particle flow layer2 - ;

................

==

BPTX Correlator trigge

| S—

—

BRIL ‘ p

m .. L ________ Global trigger ]

Phase 2 trigger progect

External triggers : ( ) : :
Particle flow layer 1 :
f \ J E 5

| his system will start form L1 Puppi
40 MHz Scouting system  candidates but will possibly add more



Conclusions

Invisible searches
- Vb benchmark : will cover m <3 GeV and m > 45 GeV
- ltis not clear that we can cover the middle region
Visible searches
- LHC will cover broad range of prompt di-lepton signatures
> Will be the leading constraint for yp benchmark at large ¢
- Higgs and Z decays can enhance things
Long-lived searches : further enhancments
Future colliders:
- My view: high mass is not the most exciting region
- FCC-hh will helpl with lumi, not clear others will help
- A high COM beam-dump would be something to think about
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Thanks!
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Visualizing the landscape

Visible Searches Invisible Searches

2 TeV

7))

N

©

= &

IS °

© 2

=1 GeV e

- 1 0 = | S
o Missing
a Prompt Momentum

Beam Dump

0.01 GeV

Coupling(gq,€) Coupling(gq,€)

Lifetime (cT)




10'6

Kinetic mixing parameter e

10 3

What Results are there?

e Looking at Higgs decays to dark photons

101fb | (13 TeV) 1

1 cms

ATLAS Prellmlnary \s=8-13 TeV, 20.3- 139fb1

Can Probe e~410-7
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107"

B(H - ZDZD)

Vector portal coupling €
1
I

Displaced (139 fb™)

ATLAS-CONF-2022-001

3 BR=10%

- I BR=5%

—| . BR=1%

3 W BR=0.5%

3 mmmm BR=0.1%
Prompt (20.3 fb™)

3 JHEP 02 (2016) 062

3 —— BR=10%

Higgs to Zp 7
CMS EXO-20-014

. JHEP 04 (2022) 062 ||

- 10~

—

<
($)}
!

—
<
(o2}
M

1 Monojet (139 fb™)
—= ATL-PHYS-PUB-2021-020
3 —— BR=50%

3
L
Q
Q
7]
=
3)
N
O

Non-ATLAS searches
JHEP 06 (2018) 004
Lol 3 Vector-Portal-only limits

Can Probe £~10-7
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m  [GeV]

10
Dark Photon mass [GeV]

137 fb‘ (13 TeV)

Given right choice of Higgs Dark Coupling
Can probe allowed range of sensitivity
Long Lived particle signatures emerge
Invisible and visible also contribtue

m, [GeV]


http://dx.doi.org/10.1007/JHEP04(2022)062

95% CL upper limit on B(H—ss)

Higgs to spin-0

e | ooking at Higgs decays to ALPs and Scalars
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Long lifetimes often lead to very small couplings
Longer Lifetime: Higgs to invisible bounds dominate



g-2 mediator (Just muons6)5

e / to 4 muon channel provides unigue high mass constraints

Vector, BR(V — p"u™) =1 for my > 2m,
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Visualizing the Iandscap;
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semivisible
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137 fb (13 TeV)
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Scalar Portal

-
5 _

LHCDb

2HDM type IV, tan 8 = 0.5

Stable
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ATLAS
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summary

10°

Hidden Sector, m, = 125 GeV
Selected ATLAS results
95% CL observed limits

Contributing searches:

Muon System (2 Vtx Only), 139 fb™
arXiv:2203.00587

Muon System (1 Vix + 2 Vtx), 36 fb™
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb™
arXiv:2203.01009

Tracker+Muon System, 36 fb ™!
Phys. Rev. D 101 (2020) 052013

Tracker (LRT), 139 fb™'

JHEP 11 (2021) 229

Tracker (b-tag), 36 fb™'

JHEP 10 (2018) 031

Monojet, 139 fb™
ATL-PHYS-PUB-2021-020

H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

LLP masses:
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mX)[GV]

Once we get into the small
coupling regime

Long-Lived searches
start to domiante
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ol -1 |Eraof Long Lived
: 1 Exploration is just starting
L Y .. . TMany more like CMS on

their wa
arxiv:2207.06905 ms [GeV] y



Minimum Coupling Scan

e As w/all simpified DM models there is a minimum coupling

e For the LHC models we can compute the relic density
- Simplified models, so relic calculation is simplified

- Compute relic density with MadDM

¢ \We scan the full dark matter mass vs mediator mass

- Useful to see

log, (€ h?)

Actual relic
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Light DM at Showmass

o Dark Photon Plot || Dark Higgs Plot

I I L l : : I | \l
Experimental Approach :
ete” Collider
pp Collider
pp LLP
p Fixed Target

Kaon Decay

1073

y"""l

T7

Nd S
ZFLArEN:
/ Y P SO
Belle-Il Y. . F

“Belle-II

L DMX(meson) Line/Shading Types

Excluded

Line/Shading Types
[7] Excluded

|| Operating Exp. & DUNE
s DM New Initiatives

I I Operating & DUNE

XTI \
Proposed (U.S. Based) - N I

g /
— —— Proposed (U.S. Leadrsh.) T ——
DUNE v..” CODEX-b

Proposed (International)

~-=—- Non-DMNI Proposed S

DM Produced via Post—2032 Proposed

Coupling to Int'l Proposed

N
~ | |electron Post-2032 Proposed Vi S i b I e >~ \ \

—  muon ] ) //’MATIILTSLA

— [ hadron Thermal Milestones ] S i g n a tu revs
o 1

T
|

L L 107!

10t s [GeV]
m,(GeV)

We will focus on invisible signatures There are some cases that Light
for LHC to compare with DM focuses not directly relavent
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Future Connections

Weaklv Coupled Dark Photons

|

./

N

Line/Shading Types

Excluded
l Operating & DUNE

Proposed (U.S. Based)

Post—2032 Proposed

Experimental Approach |
e”e” Collider
pp Collider
pp LLP =
e~ Fixed Target

— —— Proposed (U.S. Leadrsh.) 3

------ Proposed (International) ]

lIlI

10

Light DM considered g-2 models
highlights specific final states

Effort to highlight weak coupled
Dark Photon

Coupling weak enough to be
long-lived

Potential to connect w/LL group
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Other Highlights

Dark Scalar Coupling to Muons

Scalar S-»u*u~ BR(S-u*u~)=1, ms>2m, 2- and 3- body decays, my/fy

-1 -
10 ] 1072 : —-
Muon 3 TeV
//
1073 - ’
] l
1 /
‘A M200
s 1074 -
& :
N o
v <
. hy )
ATLAS fixed-target o
N G%O DarkQuest
Py S
5}7 /kq \\\ o%g? 107> 1 ) )
0 (27 S (Z ; Line/Shading types
~So 09 [ excluded
So )
~ operating exp.
w= Proposed US
Post-2032 Proposed
3 =+ Thermal Milestones
m
Experimental Aggroach Lina/Shading types 107° 5
e’e-.collider [ excluded ]
=== € Fixed Target | operating exp.
pp LLP = Proposed US | e*e- collider
=== pp collider = = Proposed(US Lead.) |
=== secondary p fromp === Proposed(Intl) 1 === - Fixed Target
. : Post-2032 P d
p Fixed/collider I:l g?:tb o ropose: | —— p Fixed Target
————y r — r 7
10-1 10° 101 10

107! 10° 10!

ms(GeV) ma (GeV)

Light DM considered g-2 models
highlights specific final states



Comparisons w/PBC

9 Y. Ziiva—ge Y Z, Iy,

] —
Lvector = —gDM Zy X’YMX
q=u,d,s,c,b,t {=e,u,T

€

Adding Mixing with photon 8, = 8¢~

2e cos Oy,
Portal Coupling

Dark Higgs, S (uS + )\SQ)HTH
AXiOIl, a faF V, fa Gz /J,I/Géuja _ﬁib’Y“’YS%b
Sterile Neutrino, N ynyLHN

LHC Spin 1 results are very similar to Dark Photon in PBC
For the most part simple rescaling can allow for result comparisons

Dark Photon’s have previously been discussed here https://indico.cern.ch/event/729789/
https://arxiv.org/pdf/1901.09966.pdf



https://arxiv.org/pdf/1901.09966.pdf
https://indico.cern.ch/event/729789/

Actually Reconcilingj

e To reconcile the models we

- Started from here Dark Vector + Dark Higgs model here

€ .
L =ZLm F /fwB” Hgpy €080 )2y xx + gppr SN0, ) Zyy
2 cos Oy

We started with a Madgraph model with £
Dark Photon to SM couplings Adding DM terms to the
Also, includes Dark Higgs model so we can probe

Invisible decays

In the following slides we will recast
the CMS monojet analysis and

o projections to Dark Photon

AR ey Just look at the invisible final state
e e oo (LDMX/Belle bounds at low mass)



http://insti.physics.sunysb.edu/~curtin/hahm_mg.html

Analytic Form

e Additionally with model we can compare w/LHCDMWG

- From the Lagrangian we can write

€ .
Z =ZLgy I /’WBW + &pp €08(0,)Zp xx + gpp SO, Zyy
2 cos Oy

( Z ) _ ( cosf, sinf, ) ( A ) Taking usual
Zp —sinf, cosb, X ) mixing scenario

Master Formula Allows us to
translate between the two
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10~ 2 4

10~ 3 1

The Result

e | HC Monojet Analysis is in MadAnalysis

- Relic density computed with MadDM (maps well)

Upper limit on mixing parameter ¢

Vector mediator
gx=1.0

Mpm = Mmeg/3
alphap = 0.10

LHCDMWG Default

(DMSimp) scaled by
cos Oy,

104 - ce
E§ 1075 - 2
| —&— CMS observed
E§ B -0- CMS expected
5 1067 B 68% CL
W 95% CL
10~ 7 - —— DMsimp expected <—LHCDMWG Default
mmmm Relic DMsimp
10-8 - -== Relic HAHM
—— HAHM expected 4— Dark Photon
. \‘ ': ~— HAHM observed
109 A1 v HAHM exp HL-LHC
Y DMsimp exp HL-LHC
10”10 : . .
10! 102 103
. . ..Mpu (GeV) .
LHC Can cover invisible searches down to 10 GeV in DM mass
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Long Lived o+
with small
coupling 3591 (13 TeV)
& 1 1 LI TI ] 1 L L TI 1 1 1] ] % '
g CMS 95% CL upper limits 2
2 o Expected
+ 2 std. deviation
) [ £ 1 std. deviation
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1 0_3 _____ Observed,
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—— DELPHI long-livec
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— ATLAS

decays

.................

11 | | l‘lllll

o nh(va;

ArXiv:1802.02065
CMS-EXO-17-028

HNLS

Expect Bounds at low
mass to improve

Once long lived analysis is
performed
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10°
107!
1072
1073
1071F
107°
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1077
10°%
10~°
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1072

1073

1074

1075

1076

Dark Photon W/O(D=O.§

Dark photon model, Ap=0.5, Mpy = Mmed/3

—— LHC DM vector (CMS recast) === Belle-1l (20/fb)

4 === _Relic Dark Photon —— FCC (approximate, LHC DM jet+X recast)
—— Relic LHC DM vector HL-LHC (CMS recast, lumi scaling)
l - Jigl
/
/
/
- S ey /
’a’ \ /
/”’ \\ //
] T \ '] Newer Version
J \ II
-”‘ S — \ I
\y
v
10° 10% 102 103

Mpm (GeV)
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Check of Some Params

Relic calculations match pretty

Upper limit on mixing parameter ¢

closely with other calculations
10-2 A Vector mediator
gx=1.0
ap=0.5, mA.=3(le+6/§) 1073 - Zzz;lim;d-/fo
2
€
) 10”4
i/ AR
0.01F : Y £ 105
: § —&— CMS observed
---------------------------------- g =-- -0- CMS expected
. S 1076 — 65% CL
Tl R ________:w____ 95% CL
107 7 A - —— DMsimp expected
—==- Relic DMsimp
r| 10-8 —-==- Relic HAHM
10—6 ‘_ —— HAHM expected
R e s e
\ \ DMsimp exp HL-LHC
N. Toro — | | |
1078 F “\ " e 10! 102 103
L 7 M. Gonzalez Mow (GeV)
N ° ’
10-10 o - ’,"
.~ . Bounds from LHC
_https://arxiv.org/abs/21Q8.13422
ol L Lol ! L L 1 Lol 1 | L | PR

e e ™V appear stronger
| target (6=1 MeV) than on left plot

rget (6=0.01 MeV)

0.001 0.010 0.100 1 10

— NA64 (2019) — BaBar
- - Bellell 20fb™" -- Ther

LSND — LEP
- - LDMX — Thermal
MiniBooNE'18 — LHC

Cross Check
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Now Connecting them

Upper limit on mixing parameter

1071
_ Vector mediator
107 2 A
Appears that w can now
B Mpm = Mmea/3
t | t . t 10" 3 1 alphap = 0.10
connect piots INto one ol
-
3
E 1075 1
% —&— CMS observed
a -0- CMS expected
E 1076+ B 68% CL
= 0
o . B 95% CL
10_7 . seudo-Dirac Fermion Dar atter 10~ 7 - —— DMsimp expected
- —== Relic DMsimp
10-8 - -==- Relic HAHM
L —— HAHM expected
\ ! ~—— HAHM observed
1079 - \rid HAHM exp HL-LHC
Wi P
\’ DMsimp exp HL-LHC
(0710 T ' !
101 102 103

Mpm (GeV)

LHC is complemntary
Similar goals on similar
timesales

10—15 1 1 a1l L 1 A | 1 1 ool

1 10 10° m, 1((1{46\/)
LHC goes left when mediator mass gets larrger

m
Note Also that as

gets larger LHC DM searches are the only game in town

Myed



Additional Plots

e \With Madgraph model we have some IeX| |I| ty

» Can envision adding the Higgs/Dark Higgs bounds

- Visible searches provide bounds for heavy DM

e Since gq=0.01-0.1 maps y=10-"-10-4include jets/lepton bounds

CMS Prel/m/nary LHCP 2020 95% CL exclusions
T e e e e o e e e L s e e e ey o e e e e e e e iy g 2 O O 10 c
=== Observed
> i . =
c 'Dark Photon Relic , E
1 ] ./ My <~5% ~ r o £
— = o
: & R — , 5§ __tin 2D Plane 107 @
| 91fb", 13 TeV E 1 50 |
| . T,/ My, < ~10% I 102
] oosted O 3] N
- / sted [arXi ] 10
i 770fb" 3 TeVv L
+ISR [ arXiv:1911.03761]
/\ N, 18 JSfb , : TeV 100+ 107
A - o tb—tagg d [arXiv:1802.06149] I .
\AC 7 N 9 fb“, 8
Y\ X _____ Diets [ rXiv:1604.08907] 107°
1 N 7 o 9 fb",s
10 T "= 7 _ ts g[ arXiv:1806.00843] 108
‘ . f“, T I
o J \ \4 :I;?jegt [Zr)(if:19611.03947] 50 -
2z’ _ — 137 b, 13 TeV | 107
—qq - I,/ M, <~30%
7] Broad Dijet [arXiv:1806.00843] -8
............................. 35.9 1", 13 TeV 10
0 1000 2000 3000 4000 5000 6000 I/ My <~100% 0 ;__.Q 0
My [GeV]  — gggimsnarmo 0 50 1 50 200

(GeV)

med



Comparlsons W/PBC

Enforcing a mixing with the Higgs |
Higgs to Invisible dominates 8= —smdo
bounds (adds VBF channel)

Portal Coupling
Dark Photon, A, <-—F, B*

Dark Higgs, S | (uS + \S2)HTH
Axion, a ;:F P ;;Gz ,u,I/Géuja —fj?ﬁﬁ’“’)ﬁ?ﬁ
Sterile Neutrino, N ynyLHN

DMWG presents results as a scalar w/o Higgs mixing

This eliminates the ¢ to SM vector boson coupling
However, Higgs to invisible is presented with Singlet Mixing model

https://arxiv.org/pdf/1901.09966.pdf



https://arxiv.org/pdf/1901.09966.pdf

Singlet Mixing Model

LD —ypmsxx — us|H|?

What if we make a complete singlet scalar model?

Observed mass cosf) sinf
eigenstates

—sinf cosf@

With vector boson interactions it will mix w/Higgs
L D — ypwm (siné hy + cos6 he) xx | Higgs to Invisible

2M? M
+(cos9h1—sm9h2)( WW+W ”’+—ZZ ZF — szff)

Standard LHC Model w/MC..


https://arxiv.org/pdf/1607.06680.pdf

To Map to PBC models

We need to fix DM couplinSinglet M ixing Model

and take it very large

LD —S)ZX — ps|H|?

What if we makg a complete singlet scalar model?

cosf) siné

—sinf cosf@

2M? M? _
+ (cosO hi —sinf hz) ( UW W;W—”’+ TZZuZ” —zr%ff)
f


https://arxiv.org/pdf/1607.06680.pdf

Singlet Mixing Model

LD —8gpmsxx — ps|H|’

What if we make a complete singlet scalar model?

Observed mass cosf) sinf
eigenstates

—sinf@ cos@

Modified Higgs Vector Boson Couplings
LD —gpmv(sind hy + cosb ha) xx

IM2A B M?2
WW,jW Ao ZZNZ”—Z—ff

v v 7

+|(cos@ hy —sin @ hy) (

Details of Model Here



https://arxiv.org/pdf/1607.06680.pdf

89

What are the scale of Modifications?

gin sin? 0 my,

T

['(h1 — xX) =

Hiaastrahluna VBF Higgs to invisible

https://arxiv.org/pdf/1607.06680.pdf



https://arxiv.org/pdf/1607.06680.pdf

What Drives Constraints

Higgs to invisible bounds puts constraints a 10% bound
equates to sin @ < 0.002 (note gy = 1.0)

Higgs boson coupling of 10% bound equates to
] —cosd <0.1 »sinf<0.3

Both invisible decay and Couplings play a critical role

This model is effectively the same as the PBC model
Typically take gpn = Ypy Mmakes Higgs to invisible less sensitive



Propagating Boundg

-39
(\-I—‘IO

&

o 107%

e Higgs to invisible Bounds p

c 104
(@)

107

- Current LHC H(inv) > 0.1 Q. s

7))
N 10k

- Future LHC H(inv) >0.02 S,
- FCC-ee H(inv) > 0.005 8. .
c 10

- FCC-hh H(inv) > 0.0001 = 104

()
107

10? 10°
DM mass [GeV]

e Current projections of Higgs to invisible similar to Direct Detection
- Sensitivities comaprable in the low DM mass region

- LHC exceed neutrino floor for light DM



Comparing Standard Ploi

e Often the scalar portal is presented in terms of 62

- LHC bounds have clear and large sensitivity

103
T — , — o |LHC Higgs Invisible
s LHCDb visible E
78| |(for comparison) E 1071
107 = 107° 1
h*™h~ Run 3 wru E "a‘)
1077 =i \, R‘i“?’ = 10-7 { = LHC (coupling)
iy \\/ / 3 FCC-ee(coupling)
T e oy o 10% BR(h)x)=10% n
E e A n e Med
— .- .""""--------.--___ _____________ | ) m —
107° = < \ 1077 4 FCC-ee DM 3
= h*h~ Run 6 wha Runﬁa FCC-hh
10_10 l I I : I ' I I : I I I I : I I I I ; I I I 10_13 T T T T T T T
! 2 3 4 o 5 0 10 20 0 40 50 60 70
https://arxiv.org/pdf/2203.07048.pdf ™ [CV] me(GeV)

e Bounds for Monojet(invisible) comparable to visible bounds

e Covers a variety of important final states


https://arxiv.org/pdf/2203.07048.pdf

Scalar DM Boundg

Invisibly Decaying Scalar Mediator, Dirac DM, g, =1, mg=3m

1077
10710 1071
\o
10~ : e“cvg»s .
102 s 10
- 10713 sin0=1§ .
3 107 g- §° 107
4 I el S
;,g 10-16 % CIII)';:IrS N: 10-1¢
3 : U
Qo) e wECTeoxm N % . | — LHC (coupling)
= 10715} BaBar B*» K' i \ 2 10 ~— FCC-ee(coupling)
IL o : I‘ ________ NEWS A .--"] I
< 1077 " E7g7/E9a9 ! '. PN ¥ 10-20 - BR(hyx)=10%
100 K*'>x*¢ i \ _ - 10
: L SRS Lz HL-LHC
10721 : . A —— Super—CDMS
o[ TP g K177 SNOLAB 102{  FCCee
102 FCC-hh
10-24 li“ S5 E 10-2" T T T T T T T T
103 102 10! 1 10 0 25 50 75 100 125 150 175 200
m, [GeV] my(GeV)

e | HC Higgs to invisible dominates the scalar DM bounds

- Additionally Higgs couplings bounds also impact bounds

- Overall extends sensitivity beyond range of light DM models



5007 1.

o

Relic Density

SMM
ypym=1.0 0.9
400 0|=0.2 08 o 500% T g
e ® 3  [Min Coupling £
| s " '
| 07 2 400}
| E | |
—~ 300 0.6 R
%J I : i
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e Overall minimum coupling bound is very large

|
- Mostly constrained by a 5% Higgs coupling measurement

- A 5% Higgs coupling bound is an equivalent bound on sin 6 < 0.1



Comparisons W/PBé

. _ . _
Epseudo—scalar — —tgpMm ¢X75X — 19q E Z Y9959 ,

q:u7d’s7c’b7t

Pseudoscalar mediator again similar
Ir)te.rpretatlon of couplings also g, =—
similar Ja

Portal Coupling
Dark Photon, A, ¢ —F' BH

2cos Oy — HvV

Dark Higgs, S (uS + \S?)HTH

. a Ny

, %G’i,w/ ééwv E’Y“')'Sw

fa
Sterile Neutrino, N ynyLHN

DMWG tends to present pseudoscalar results in two ways:
A single mediator (as a simplified model)
A mediator within a 2HDM

https://arxiv.org/pdf/1901.09966.pdf



https://arxiv.org/pdf/1901.09966.pdf

Axion Portal I1s a recast

e \We can translate directly into the axion like portal

Ce &g
_ Governed by one formula — = —
v

- Assumes Gluon coupling comes from a yukawa loop
- Also LHC model assumes yukawa coupling(not need)

> Photon coupling not considered in this setup

e \With the model used by LHC DM WG gluon coupling is a loop

g X
%L‘Qo > o——--<
t A

\ b X
U 1y S| — Gluon Coupling
9 LTS




Axion Portal result

¢ Bounds written in ALP notation are quite strong

- Relic density bound exists whend mediator mass is higher

T Illlllll I IIIIIIII I I|l||||| T T TTTI]

w 1 IIIIIII| |

mq [ GeV ]

107

107°

= Axion Projection 3ab”! 3
| Mpm _ 1 |
B Myed 3 |
; “““““““““ — Monojet best limit _—
—aw
B — FCC-hh (100 TeV) -

cooo ey s by by by by by
0 100 200 300 400 500 600

My (GeV)



| HCDMWG & FIP

e The LHC is the only collider in town above 10 GeV
- There is a lot it can say about Dark Matter
» Particular in context of Higgs and heavy mediators

- LHCDMWG is the forum for DM interpretations of the LHC

e | ight Dark Sector group focuses on specific models

- There is a large overlap of these models with LHC DM WG

» Madgraph models exist for both
- Part of a greater dark sectors effort underway

e New interpretations/models will motivate new directions at LHC
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Other Points to keep in mind

CMS Preliminary LHCP 2020 95% CL exclusions
“c )3- ~ _l_ \I L L /7 ; ; ; ;/ Observed

[,/ M,=100% RUEEETEED Expected
1= i he T R Iyl My <~5%
-

= - I',./M,=50%
[,./M,. =30% tt resonance, [arXiv:1810.05905]
v 35.9 o, 13 Tev

I,/ M, <~10%

- Boosted Dijet+y [arXiv:1905.10331]
35.9fb”, 13 TeV

-4 Boosted Dijet [arXiv:1909.04114]
77.0 b7, 13 TeV

Dijet+ISR jet [arXiv:1911.03761]
- 18.3fb™, 13 TeV

Dijet b-tagged [arXiv:1802.06149]
19.7 fb™, 8 TeV

Dijet scouting [arXiv:1604.08907]
19.7 fb™, 8 TeV

Dijet scouting [arXiv:1806.00843]
35.9fb", 13 TeV

Dijet [arXiv:1911.03947]

There are other ways to present LHC
results on the same plot w/light DM -
expenments ] S

10- -9 1000 2000 3000 4000 5000 6000 7/ My <~100%

Dijet 3 [arXiv:1803.08030]
IVIZ’ [GeV] - 35.9 f)é", 13 TeV

10—10

137 fb™" (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)
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T
O
=
7))
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electron fixed—target

= 90% CL observed limit

------- 90% CL median expected limit

[ 68% confidence interval for expected limit
95% confidence interval for expected limit
LHCb (90% CL) [arXiv:1910.06926]

e Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157]
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A. Berlin,P deNiverville, A. Ritz, P. Shuster,N. Toro

https //arX|v org/pdf/2003 03379 pdf
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LHC Lepton Projectiong

| Vector
| HL-LHC,m, = 1 GeV
1 gq=0.1,gx=1.0
107 1-
Dilepton
1072 - yd Dijet
! Monojet

0 2000 4000 6000 8000
Mmed [GeV]



Scalar/Pseudoscalar

e Heavy (pseudo)scalar models contend w/ relic bounds

10!

- Addition of Higgs to invisible also complicates this

- Its very hard to have a scalar/ALP without heavier objects

» Typically need a 2HDM or Higgs Mixing

Region that would not overclose DM

- ] 1 1 1 I 1 l. 1 ) 1 ] 1} 1] 1
= Scalar Projection 3ab’

1 I ] ] ]

— TK best limit
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10_11

1072

Floating the couplings

e Floating the couplings gives us a new set of bounds

- In practice varying couplings doesn’t change bounds

- However to make direct detection bounds coupling fixed

- Monojet and dijet can probe couplings below gq =

Fixing the Dark Matter Mass

Vector - dijet
HL-LHC, m, = 1 GeV
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L HC Default Models

e | HC has had 4 default models

- Motivated by standard LHC signatures and comparison with 1D/D

- Additionally had benchmark coupling choices gq=0.25 and gom=1.0

Lyector = —9gDM ZL XX —Wq Z Q’Y qi— 9 Z Zl f’?’ug
g=u,d,s,c,b,t b=e,u,T

‘Caxia,l—vector — —gDM Z;L )Z’Y”%X 9q Q’YM’YE)Q ge Z Z;L Z’Y'u’75£
e=e7/*l')7-

Spin0 p _ o - Only quark couplings
scalar gDM ¢XX 9dq \/i Z guaranteed in

q=1,d,5,C,b,t interpretation

. _ .9 _
£pseudo—scalar = —1gDM PXV5X — t9q E Z Yq4q754 ,|] These remain
g=u,d,s,c,b,t the main ways to
interpret DM at LHC

No Interference with the higgs boson
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L HC Model Presentation

e Traditionally presented models in mass vs mass plane
- With fixed couplings

- |ldea was to see how high a mass we could achieve

Fixed
Floated

Wanted to see how high we could go

- 107% —————————— 3 — CRESST Il
1 2 0 O | g E arXiv:1904.00498
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> | 1 0_42 — = 8(2017) 021303
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E \ N
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10 L \\ HL-LHC dij
4 O 0 | o ‘ v . L 4 -45 i o ELI ILi(‘Z)Lc::)ton exclusion
., 107 E
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. 10” E ’
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Floating the couplings

e Floating the couplings gives us a new set of bounds
- In practice
- However to make direct detection bounds coupling fixed

- Monojet and dijet can probe couplings below gq = 0.1

o osI = ‘
Fixing the Dark Matter Mass Float
7
- Vector L1 dijet
Vector, HL-LHC
. HL-LHC, m, = 1 GeV monojet 10-38 ;;0?{,, 9,=1.0
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_1 i — S
cr10 : S 10-42 | 3 [ gq=0.05
o : o —— [ gq=0.02
2 Lot —— XENON1T
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= MIGD
S 1 046 | DarkSide-50
1048 T
1072 : - , 10° 10! 102 103
0 2000 4000 6000 m, [GeV]
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Ultimate Bounds

e Gjven these variations we can standardize these

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

/]
/N Sketch depicting qualitative projections, which are further quantified by the references provided in the text
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e From high mass invisible studies draw general conclusions
- Varying coupling bounds doesn’t dramatically change LHC

- The LHC can provide complementarity to Direct Detection

arxiv:2210.01770
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Translating to

mDM [] []
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https://arxiv.org/abs/2107.13021  Coupling on y-axis shows overall sensitivity
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