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DM +7v (35.9 fb)
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> Present LHC data have thoroughly tested DMWG Run
2 s-channel benchmark models.
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> Present LHC data have thoroughly tested DMWG Run
2 s-channel benchmark models.

» For chosen couplings, sensitive to M(Z') ~ few TeV
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> Present LHC data have thoroughly tested DMWG Run
2 s-channel benchmark models.

» For chosen couplings, sensitive to M(Z') ~ few TeV

» Complementarity coverage from invisible (MET+X)
and visible (dijet, dilepton) final states.



S-CHANNEL TOMORROW 3

ATLAS gq =0.25 Jq = 0-10
Vs = 13 TeV, 3.6-140 b g, =020 W g =0.05

gy = 0.15
#% Boosted di-b-jet + ISR coverage

»Next generations of s-channel
searches: probe smaller
couplings.

- go 512 . pl/A

Dijet and X -+ ET's® limits
Axial-vector mediator, Dirac DM
g,=0.0, gx=1 .0

All limits at 95% CL
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https://arxiv.org/pdf/2404.15930

RUN 2 RESULTS: MET+X, DILEPTON

137 fb~1, 2016-2018 (13 TeV)
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1 W+ jet
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¢ Data
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---- Generic signal at 1.34 TeV, I'/m = 0%
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» MET+X: governed by irreducible Z(vv)

+jets background. > Dilepton: see dark photon session :)

> Multi-CR fit constrains systematics,

scales well w/ &



https://arxiv.org/abs/1903.06248
https://arxiv.org/abs/2103.02708
https://arxiv.org/abs/2107.13021
https://arxiv.org/abs/2102.10874

RUN 2 RESULTS: DIJET . 5

CMS Experiment at the LHC, €
411 b (2017) (13 TeV) | Data recorded: 2017-Qct-20 08:

CMS  ¢tDaa o W(qq)+jets
Preliminary ~ — Total SM pred. -'--Z(qq)+jets
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72/NDF = 36.63/ 38
Ratio method
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- gg (2.0 TeV)
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qq (6.0 TeV)

Residuals (o)
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Significance
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> Dijet: huge QCD background governs both sensitivity
and phase space coverage.

> Diverse array of techniques invented in Run 2 to cover
phase space.
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https://arxiv.org/abs/1909.04114
https://arxiv.org/abs/2403.08547
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1911.03947

DIJET ROADMAP

95% CL upper limits

Moy = M/ 3, Oom = 1.0

ANNNNY Observed
Expected

Relic density (Q, h? = 0.12)

I, /m,<~10%

Boosted Dijet+y, 35.9 fo'' (13 TeV)
Phys. Rev. Lett. 123 (2019) 23
Boosted Dijet, 77.0 fb™ (13 TeV)
Phys. Rev. D 100 (2019) 11
Dijet+ISR jet, 18.3 fb™" (13 TeV)
Phys. Lett. B 805 (2020) 135448
Dijet b-tagged, 19.7 fb™' (8 TeV)
Phys. Rev. Lett. 120 (2018) 20
Dijet scouting, 35.9 o™ (13 TeV)
JHEP 08 (2018) 130

Monojet (vector), 137 fo™' (13 TeV)
JHEP 11 (2021) 153

I,/ m, <~50%
Dijet, 137 fb™ (13 TeV)
JHEP 05 (2020) 033
I,/ m,<~100%
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Dijet angular, 35.9 fo' (13 TeV)
m.. [G eV] Eur. Phys. J. C 78 (2018) 9




LOW MASS LIMITATIONS

LHC collisions L1 trigger High level trigger Offline processing
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» Traditional dijet method is limited by trigger bandwidth
» In Run 2, triggers limited to ~ (Run 3 ~ 1.5 kHz)

» Main dijet trigger: save events with Hy = ZpT(j) > 1TeV
» = Looking below 1.5 TeV requires a different trigger strategy

» How can we probe lower masses? Three main methods:

» Scouting/TLA/turbo: read out HLT jets/partial events to save
bandwidth

» ISR: resonances produced w/large jet or photon ISR

» HLT b tagging



LOW MASS STRATEGIES

LHCP 2020

95% CL exclusions

CMS Preliminary

Dijet+ISR y

Dijet+ISR ]
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Scouting
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I,/ My <~100%

CMS Dijet y, 13 TeV
[arXiv:1803.08030]

'/ M, <~30%

CMS Broad Dijet, 13 TeV
[arXiv:1806.00843]

I,/ My <~10%

CMS Dijet, 8 TeV
[arXiv:1604.08907]

CMS Dijet, 13 TeV
[arXiv:1911.03947]

CMS Dijet+ISR jet, 13 TeV
[arXiv:1911.03761]

CDF Runt
[arXiv:hep-ex/9702004]

CDF Run2
[arXiv:0812.4036]

UA2
[Nucl. Phys. B 400, 3 (1993)]

Z width (all T,/M,)
[arXiv:1404.3947]

ATLAS Boosted Dijet, 13 TeV
[arXiv:1801.08769]

ATLAS Dijet+ISR v, 13 TeV
[arXiv:1901.10917]

ATLAS Dijet TLA, 13 TeV
[arXiv:1804.03496]

ATLAS Dijet, 13 TeV
[arXiv:1910.08447]

CMS Dijet b tagged, 8 TeV
[arXiv:1802.06149]

CMS Dijet Scouting '16, 13 TeV
[arXiv:1806.00843]

CMS Boosted Dijet, 13 TeV
[arXiv:1909.04114]

CMS Boosted Dijet+y, 13 TeV
[arXiv:1905.10331]

',/ M, <~5%
CMS tt, 13 TeV
[arXiv:1810.05905]

Y width (all T /M)
[arXiv:1404.3947]



https://arxiv.org/pdf/2403.08547

RUN 2 SCOUTING

» What are the constraints on our data acquisition?
» DAQ bandwidth from P5 to TO: 3-5 GB/s
» Prompt reconstruction: process raw data within ~48 hours
4

HLT latency: decision within ~400 ms

» Storage space (tape and disk)
» There is no hard DAQ limit on the HLT event rate, but rather the HLT bandwidth
» 1 kHz X 1 MB/event =1 GB/s

» Scouting: record trigger-level objects instead of full raw data

» Calo jets (HT>250 GeV) and particle flow jets (PF) (HT>410 (HLT), )
Stream Rate (Hz) Event size (kB) Bandwidth (MB/s)
Muons 420 860 360

Hadrons/Taus 345 870 K10]0)
Scouting (calo) 4580 8.9 40
Scouting (PF) 1380 14.8 20

Mukherjee 2019


https://cds.cern.ch/record/2766071/files/PoS(EPS-HEP2019)139.pdf

RUN 3 SCOUTING

L1 threshold HLT threshold (2023)
le/vy, pr>30GeV, |n| < 2.1 1SC (loose), pr > 30GeV
2e/y, pr > 18/12GeV, || < 1.5 2 SC (loose), pt > 12GeV
2u, pr > 15/7 GeV

2u, OS, pr > 4.5GeV, || <2,m,, >7GeV

KH

2u, OS, pr > 4GeV, || <25, AR < 1.2 2u, pr > 3GeV

21, OS, pr > 0GeV, || < 1.5, AR < 1.4 (2023)

2, - > T /D /D \T
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Hy > 280 (2023), 360 (2022) GeV

1jet, pr > 180 GeV

2jets, pr > 30GeV, || < 2.5, Ay < 1.5,
my > 250 (2023), 300 (2022) GeV

» Lots of new toys in Run 3: lower thresholds (e g.HT 410—-280 GeV), add e/y
» Key tech: GPUs @HLT (~35% reduced processing time; higher L1 input rate).
» Room to improve: lower track € and o(py) = degraded b tagging.

» More interest! Personpower for better calibrations, algorithms.

» Seerecentreview paper at 2403.16134!

Year L, [cm™2s7!] PU Standard rate [Hz] Parking rate [Hz] Scouting rate [Hz]
2018 1.2 x 103* 38 1000 3000 5000

2022 1.5 x 1034 46 1800 2440 22000
2023 1.7 x 1034 48 1700 2660 17000



https://arxiv.org/abs/2403.16134

SCOUTING * TAGGING 11

» Lesson from Run 2: retrain online tagging algorithms
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on HLT inputs.

» For example, tracking efficiency takes a ~10% hit
(worse for displaced tracks).
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» For Run 3, ParticleNet @HLT achieves online b tagging

within a few percent of offline. 2" fevent tracks (PU)=35)
13 TeV. 14 TeV S ml<25,dy<35em
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTplots2018DataTracking
https://twiki.cern.ch/twiki/bin/view/CMSPublic/TrackingPOGPerformance2017MC
https://cds.cern.ch/record/2825704
https://cds.cern.ch/record/2857440?ln=en
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» Lesson from Run 2: retrain online tagging algorithms
on HLT inputs.
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» For example, tracking efficiency takes a ~10% hit
(worse for displaced tracks).

>
(©]
C
ks
O
b
()]
(@)}
k=
X
O
©
S
|_

» For Run 3, ParticleNet @HLT achieves online b tagging

within a few percent of offline. ZE e vent tracks (PUY=38)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTplots2018DataTracking
https://twiki.cern.ch/twiki/bin/view/CMSPublic/TrackingPOGPerformance2017MC
https://cds.cern.ch/record/2825704
https://cds.cern.ch/record/2857440?ln=en

HL-LHC SCOUTING k
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» HL-LHC triggering is a whole new ballgame: 750 kHz accept rate, tracking, HGCAL,
ML on FPGA:s.

» Dreaming big: particle flow, PUPPI, b tagging, tau tagging.
» Nominal design includes modular 40 MHz scouting system.

» Baseline scouting global system (sGS): triggerless dijet search w/performance
similar to current HLT scouting?


https://iopscience.iop.org/article/10.1088/1742-6596/2374/1/012090

METHOD IMPROVEMENTS 14

o 1
;é) CMS
.o (S Simulation Preliminary
» Better separate dijets from QCD: £ [ Whbosonvs. aco munije
- 10 500 <p; <1000 GeV, "l <2.4
» Resonance mass (e.g. 5 o5 < mg, <105 Gev
< > S
M(j, + jo), mgp) & 10°
I l 1 m (— ee
» Event/jetinfo (Anjj < 1.1, 75,/N,) 3 Deopaks
. 10 ParticleNet
» Flavor tagging ParticleNet-MD

% DeepAKS8-DDT (5%)
* DeepAKS8-DDT (2%)

» New ways to estimate QCD
: 4 06 08 1
backgrounds: Signal efficiency

» High-An,; sideband vs. empirical
function: rigidity improves

uncertainties.

» Non-parametric methods: e Y i
Gaussian process regression . " g dun 50 i rgion
(2202.05856). v |

3

4
Dijet mass [TeV]


https://arxiv.org/abs/2202.05856
https://cds.cern.ch/record/2707946/files/DP2020_002.pdf

TWO-PRONGED JET TAGGING

15

» For boosted dijet searches, key handle is 2-
pronged jet tagging.

» Past searches used analytical variables,
e.g., Ty, N21 (*DDT).

» Large potential gains from NN-based
taggers, e.g., CMS ParticleNet, ParT.

» Graph NNs trained on jet particle
constituents.

» Multi-class taggers: QCD, qq, cc, bb, t,

» Mass-decorrelated using a wide grid of
signhal masses.

» Target as well,
e.g. scalar mediator w/MFV or more exotic

scenarios (cc, 77, bg?...)
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https://cms-ml.github.io/documentation/inference/particlenet.html
https://arxiv.org/abs/2202.03772

FOCUS ON SYSTEMATICS 16

CMS-DP-2022-005
CMS Preliminary » Early generations of taggers exhibited large

SF: ParticleNetMD_XbbVsQCD (AK8) : data_MC Scale faCtO rs (~30%)

. | I
_ + +'+ H * _ » Situation is somewhat better recently; increasing
Cp ¥ fes0sB 1) 4 MP094098) ¢ LP:[050,0.90 | focus on robustness as well as performance.

(200,250)  (250,300) (300,350) (350,400) (400,500)  (500,%)

QCD nominal
QCD herwig
H nominal
~ H herwig Higgs
: augmentation
grouping

CMS
Simulation Preliminary

Dijet sample

-©-Inclusive

t-SNE feature 1

e =5%
H—cc tagging: ParticleNet-MD =N £y = 1%

500 < p' <1000 GeV, h®'l < 2.4
T =g =0.5%

“laugmentation
grouping

10

t-SNE feature 0

» Tagger resilience against data/MC mismodeling:

» Mass decorrelation: train using wide set (or
continuous distribution) of signal masses.

Critical for bump hunts and calibrating on
standard candles (e.g. W(qq)). » Reweight/morph MC to match data.

» Enforce invariance under known parton
shower uncertainties (contrastive learning).


https://indico.physics.lbl.gov/event/975/sessions/557/#20230801
https://cds.cern.ch/record/2805611?ln=en
https://indico.physics.lbl.gov/event/975/contributions/8262/attachments/4079/5490/BOOST_Krupa_2.pdf

MASS REGRESSION 17

CMS Simulation Preliminary CMS Simulation Preliminary CMS Simulation Preliminary

anti-k . jets H -> cc (soft drop)
—— H -> cc (regression)

anti-k . jets H -> qq (soft drop)
— H -> qq (regression)

anti-k . jets e H -> bb (soft drop)
R=08 —— H ->bb (regression) R=0.8

p,> 400 GeV

R=0.8

pT>400 GeV P, > 400 GeV
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event fraction

E 5 E

Mreco / Migrget reco / Mtarget reco ! M

target

CMS-DP-2021-017

» Mass resolution is (clearly) a key parameter of bump hunts.
» Pileup suppression (track-vertex association, PUPPI)
» CMS high-mass dijet has a FSR recovery algorithm, adding nearby AK4 jets
(AR < 1.1)to m;.

» Boosted dijet searches rely on pileup rejection and groomed mass (soft
drop).

» Latest ML taggers show good potential for mass regression.

» Especially for heavy flavor and 77 resonances.


https://cds.cern.ch/record/2777006/files/DP2021_017.pdf

CONCLUSION 18
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95% CL exclusions

—— QObserved

- = Expected

Boosted dijet (77 fb™)
Phys. Rev. D 100 (2019) 112007

Dijet w/ btag (19.7 fb'™)
Phys. Rev. Lett. 120 (2018) 201801

Dijet w/ ISR j (18.3 fb™)
Phys. Lett. B 805 (2020) 135448

Dijet (35.9-137 fb™)

JHEP 08 (2018) 130
JHEP 05 (2020) 033
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JHEP 02 (2019) 074 G =T
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DM + Z(Il) (137 fb™) q
Eur. Phys.J.C 81 (2021)13 g =0
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Mediator mass m__, [GeV]

» s-channel benchmark models thoroughly tested with LHC Run 2 data;
future searches will go beyond benchmarks to (much) smaller couplings.

» Dijet searches in particular have potential beyond luminosity scaling:
» Better signal identification and QCD rejection, better QCD modeling.
» Low mass methods, esp. scouting/TLA (HLT and L1; dilepton too).

» We should see all of this in Run 3!

» Further reading: ATLAS/CMS review papers


https://arxiv.org/abs/2404.15930
https://cms.cern/news/mapping-uncharted-territory-cms-reviews-searches-dark-matter
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LOW MASS IS WELL MOTIVATED
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> With a lower threshold of 1.5 TeV, the traditional dijet search leaves
significant phase space uncovered

> The DM simplified model directly motivates low Z' masses!

Q>QDM

Too much DM




DIJET SCOUTING

JHEP 08 (2018) 130
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» Calibrate CaloJets to offline PF jets (using prescaled data)
» Scouting probes Z's down to m, = 600 GeV

4

Lower limit actually due to L1 trigger (H>175 GeV)

>
o
o
~
o)
=
=
2
o)
©

(Data-Fit)
Uncertainty

¢ Data
— Fit
gg (0.75 TeV)
qg (1.20 TeV)
--qq (1.60 TeV)

42/ NDF =203 /21 =1.0
Wide Calo-jets
0.49 <m. < 2.04 TeV

| < 2.5, An| < 1.3

~
N

06 08 1 12 14 16 18 2
Dijet mass [TeV]

_l;O_;I\)QJ

|
wWnN

Starts at 500 GeV, rather
than 1500 GeV!
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https://link.springer.com/article/10.1007/JHEP08(2018)130

DARK MATTER INTERPRETATIONS

» For chosen couplings, mono-X and dijet cover similar range of m(Z’)

CMS Preliminary Spring 2022
2000 — —

Exclusion at 95% CL
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: ~ Boosted dijet (77 fb)
[arXiv:1909.04114]

Dijet w/ btag (19.7 fb™)
[arXiv:1802.06149]

Dijet (35.9-137 fb )
[arXiv:1806.00843]
[arXiv:1911.03947]
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DM + j/V(qq) (137 fb™)
| [arXiv:2107.13021]
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| A, 1.2 - [arXiv:1902.03234]

10°
Mediator mass M

lII|III IIIIIII|III|III|III|III|III|III




DARK MATTER INTERPRETATIONS

» Converting to DM-nucleon cross section, collider searches complement direct
detection experiments

CMS Preliminary LHCP 2020 CMS observed exclusion 90% CL

Vector med., Dirac DM; g - 0.25,9,,=

| | | I Ilw | | | IIIII|

107%°
Boosted dijet (77 fb™)

[arXiv:1909.04114]

Dijet+ISR j (18.3 fb™)

[arXiv:1911.03761]

b-tagged dijet (19.7 fb™)

[arXiv:1802.06149]

Dijet (137 fb™

[arXiv:1911.03947]

DM +Z, (35.9 fb™)

[arXiv:1711.00431]

DM + y (35.9 fb™)

[arXiv:1810.00196]

DM +j/V_ (359 fb™

[arXiv:1712.02345]

DD observed exclusion 90% CL
CRESST-II
[arXiv:1509.01515]

CDMSlite
[arXiv:1509.02448]

PandaX-Il
[arXiv:1607.07400]

LUX
[arXiv:1608.07648]

] 1 1| Ild ] ] 1 IIII| XENON1T
102 10° [arXiv:1705.06655]

Dark matter mass mg,, [GeV]
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DARK MATTER INTERPRETATIONS

» Turn on DM couplings = nice complementarity w/“mono-X" searches

» Turn on lepton couplings = demonstrates relative strength of channels

CMS Preliminary Spring 2022
2000 ———r7] ; .

Axial-vector mediator

Dirac DM
9= 1.0
9, 7 0.1
97 0.1

Exclusion at 95% CL
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Dilepton (137 fb )

[arXiv:2103.02708]
Dijet (35.9-137 fb™)
[arXiv:1806.00843]
[arXiv:1911.03947]

Boosted dijet (77 fb™)
[arXiv:1909.04114]
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