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Brief Introduction to Dark QCD

A hidden sector of SU(Nw) structure

k—) Dark quarks t  Darkgluons —> »"

o ~ L4

Dark bound states (mesons)

Pseudo-scalar : Call them Td
Vector : Call them pd
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Brief Introduction to Dark QCD

A hidden sector of SU(Nw) structure
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Dark bound states (mesons)

Dark matter? ¢ Pseudo-scalar: Call them Td
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Brief Introduction to Dark QCD

Portal to the Standard Model (Z', O, ...)

Production at LHC

Karlsruher Institut flr Technologie




Nicoline Hemme Reinterpreting LHC Dark QCD Results @ RiF CERN Feb 25 2025

Brief Introduction to Dark QCD

Portal to the Standard Model (Z', O, ...)

Dark Shower
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Brief Introduction to Dark QCD

Portal to the Standard Model (Z', O, ...) Stable
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Dark Shower Signatures

Long-lived \

- |
'

Invisible

Finy = 0 #t stable dark mesons Finv =1

Finv = Thanks to Caterina Doglioni
‘\‘“(IT Ral i mesins for inspiration for figure PtH
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Dark Shower Signatures

Long-lived \

Event with one or multiple jets

emerging from displaced vertex // /ﬂ No energy deposit

) - look for ISR jet/mono-jet event

1L
Fully visible dijet event,

but initial dark shower often
results in broader jets

~ SM-decaying dark mesons initiate
QCD jet, resulting in dijet event

with small A®{J1, Jz: Emlss}

Prompt —
Visible Invisible
Finy = 0 __ # stable dark mesons Finv =1

_\“(IT V= "4 all dark mesons PtH
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Dark Shower Signatures

Long-lived \

ATLAS t-channel SVJ analysis (arXiv:2305.18037)
CMS s-channel SVJ analysis (arXiv:2112.11125)

ATLAS dijet analysis (arXiv:1910.08447)
ATLAS dark jets analysis (arXiv:2311.03944)

CMS mono-jet analysis (arXiv:2107.12021)

Prompt »~ —
Visible Invisible
linv = U Finv = 1
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Dark Shower Signatures

Many parameters can be of importance to the signature
See more here: Snowmass Whitepaper 2021 (arXiv:2203.09503)

Necd Nd Ja, Jad

Number of dark colours Dark confinement scale Couplings

o>
S
N Mnd, Mps, Mg, Mmed Decay modes &
Number of dark flavours Mass spectrum branchlng fractions

o.. .
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Dark Shower Signatures

Many parameters can be of importance to the signature
See more here: Snowmass Whitepaper 2021 (arXiv:2203.09503)

Necd Nd Ja, Jad

Number of dark colours Dark confinement scale Couplings

® - »
’\/‘__" )’
Nt Mrd, Mpd, Mg, Mmed : Det:ﬁy m?des{_& Finv
rancning rractions .
Number of dark flavours ess peci J - is not a fundamental parameter of theory
c9® . - varying it may require, for consistency,

@ O ! W< to vary some fundemental parameters
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Dark Shower Signatures

Many parameters can be of importance to the signature

See more here: Snowmass Whitepaper 2021 (arXiv:2203.09503) Long-lived A\
N N Jaq, Qqu
Number of dark colours Dark confinement scale Couplings

o - Y
.0 ,;
N Mre, Mpg, Mg, Mmed Decay modes & Fromt Jrhe iy
Number of dark flavours Mass spectrum branching fractions finv =0 Finy = 1
° o . ATLAS dijet analysis (arXiv:1910.08447)
".-’ ATLAS dark jets analysis (arXiv:2311.03944)

® . . .
ATLAS t-channel SVJ analysis (arXiv:2305.18037)
CMS s-channel SVJ analysis (arXiv:2112.11125)

CMS mono-jet analysis (arXiv:2107.12021)
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Reinterpretation of LHC Results with MadAnalysisa

MadAnalysis5 as a tool for reinterpretation
MAS references: E. Conte, B. Fuks, G. Serret, 2012 (arXiv:1206.1599); E. Conte, B. Fuks, 2018 (arXiv:1808.00480)

Hadron-level events

Search for resonant production of strongly coupled
dark matter in proton-proton collisions at 13 TeV
|—CM - I] . I_ .
=z etector simutation
=]
he

QYW

The CMS collaboration
E-mail: cza-publication-coemittea-chairfearn. ch
AnsTh 1 hidden
st b with the
OIS e " [

\

Exclusion

Thanks to Benjamin Fuks
for inspiration for figure
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Reinterpretation of LHC Results with MadAnalysisa

MadAnalysis5 as a tool for reinterpretation
MAS references: E. Conte, B. Fuks, G. Serret, 2012 (arXiv:1206.1599); E. Conte, B. Fuks, 2018 (arXiv:1808.00480)

We need

Hadron-l:tel events - Event generator card (e.g. Pythia)
Detector simulation & _ Detector simulator card (e.g. SFS or Delphes)

J =

\

Exclusion

Thanks to Benjamin Fuks
for inspiration for figure
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Reinterpretation of LHC Results with MadAnalysisa

MadAnalysis5 as a tool for reinterpretation
MAS references: E. Conte, B. Fuks, G. Serret, 2012 (arXiv:1206.1599); E. Conte, B. Fuks, 2018 (arXiv:1808.00480)

We need

Hadron-level events - Event generator card (e.g. Pythia)

Search for resonant production of strongly coupled
dark matter in proton-proton collisions at 13 TeV

s Detector simulation - Detector simulator card (e.g. SFS or Delphes)
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The CMS collaboration
E-mail: air@cern . ch
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- Selection cuts and cutflow tables
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Thanks to Benjamin Fuks Exclusion
for inspiration for figure
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Reinterpretation of LHC Results with MadAnalysisa

MadAnalysis5 as a tool for reinterpretation
MAS references: E. Conte, B. Fuks, G. Serret, 2012 (arXiv:1206.1599); E. Conte, B. Fuks, 2018 (arXiv:1808.00480)

We need

Hadron-level events - Event generator card (e.g. Pythia)

Search for resonant production of strongly coupled
dark matter in proton-proton collisions at 13 TeV

s Detector simulation - Detector simulator card (e.g. SFS or Delphes)
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The CMS collaboration
E-mail: air@cern . ch
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- Selection cuts and cutflow tables

- Data and simulation results
- Statistical analysis approach

Thanks to Benjamin Fuks Exclusion
for inspiration for figure
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Reinterpretation of LHC Results with MadAnalysisa

CMS s-channel SVJ analysis (JHEP 06 (2022) 156, CMS-EX0-19-020)
Heavy leptophobic vector mediator Z' and Mns=Mps=Maark, Mqs=Maark/2
Final state with >2 jets (R=0.8) and A®<0.8

Limits on 0zxBR[Z’—q«qq] as function of mz and
exclusion contours in {mz, men} and in {mz, rin} planes

Figure from arXiv:2112.11125
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Reinterpretation of LHC Results with MadAnalysisa

CMS s-channel SVJ analysis (JHEP 06 (2022) 156, CMS-EX0-19-020) 0 PR ARATASARRARE:
cC 9 1gh-Hy ignal (m,,, =20 GeV, H
G>J i ¢ Data =030, =af2 |

Pythia card provided on HEPData.net 2 0% TN s waiel

Delphes card provided upon request % p—_ne e

(many thanks to Kevin Pedro and Cesare Cazzinga) Z

No background estimate - instead fitting function for smooth background
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Reinterpretation of LHC Results with MadAnalysisa

CMS s-channel SVJ analysis (JHEP 06 (2022) 156, CMS-EX0-19-020) 0 PR BT
C . igh-R; Signal (m,,,, =20 GeV,
. ) G>J A ¢ Data =030, = a;’:“) 4
Pythia card provided on HEPData.net 2 0% B AR s Juy i
) 5 e [ Uncertainty [g,(x)] - m, =4.1 TeV
Delphes card provided upon request £ o
(many thanks to Kevin Pedro and Cesare Cazzinga) Z |
. . e . 10E-
No background estimate - instead fitting function for smooth background :
1
Reinterpretation efforts: ; o
mT high-RT SR 10—1 | | 1.l i
my =3.1TeV T EQ‘E‘?‘!""""""""""""' E
Selection cut MAS5 CMS %bﬁ G_F’uﬁ [_r’ul.l“ I'Lnfﬂur‘“-qwﬂun N [l_nn ]
5 o -2k TS EPETEPETE AR BT BN
Nises > 1 s 2 3 4 5 6 7 8
pr(J12) > 200 GeV &n();,) <2.4 | 84.17% 83.5% g _ . my [TeV]
R, = MET/my >0.15 25 40 33.19% g Figure from arXiv:2112.11125
An(;,)z) <2.4 '25'5% 26.5% : o ) ) .
o> 1.5 TeV 205% | 21.7% Statistical tool is being implemented
N, = 0, No=0, Veto/fiter ' 19.8% I I—H
Apin <08 i3 | 1508 °1H Analysis will be available in database soon

SKIT
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Solid lines: MAS analysis
Dashed lines: Original CMS analysis
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Reinterpretation of LHC Results with MadAnalysisa

ATLAS t-channel SVJ analysis (Phys. Lett. B 848 (2024) 138324, ATLAS-EX0T-2022-37)
Scalar mediator @, non-resonant production
Final state with >2 jets (R=0.4), A®<2 and Emiss>250 GeV

Results are exclusion contours in {me, rin} plane 44
ark

Analysis implemented in MA5 (by T. Wojtkowski & S. Sinha)

Validated, will be available in MA5 Dataverse soon

Relative ATLAS cut MAS5 cut
me =1 TeV, Rip, = 0.6 ATLAS MAS5 difference [%)] | efficiency [%] | efficiency [%]
Pre-selection 844520.2 802004.396 5.03
Agp < 2.0 816341.4 T773773.493 5.21 96.66 96.48 Figure from arXiv:2305.18037
DT, teading jer > 250 GeV 791042.5 747516.248 5.50 96.90 96.61
Ny jer <2 707151.0 747516.248 5.71 89.39 100
T jet veto 701537.9 724219.427 3.23 99.21 96.88
Emiss > 600 GeV 101378.1 108504.199 7.03 14.45 14.98
Hy > 600 GeV 101235.2 108504.199 7.18 99.86 100
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Reinterpretation of LHC Results with MadAnalysisa

ATLAS dark jets analysis (JHEP 02 (2024) 128, ATLAS-HDBS-2018-45)

Vector mediator Z', different T« decay modes (see table) Ag | mg | mg, | my,
Model | ny GeV) | (GeV) | (Gev) | (Gev) g4 decay mode
Final state with >2 jets (R=1.0) A |2 15 | 20 | 10 | 50 |ng—ce
B |6 2 2 2 | 467 | ng— 3
Results are limits on 0zxBR[Z’—qqQq as function of mz c |2l 15 ” 0 | sg |7 — ¥ with
and Bumphunter test in m; between 1.3-5.0 TeV my =400V
D |6]| 2 2 2 | 467 |74 Yy with
my = 0.7 GeV
Analysis implemented in MA5 (by T. Wojtkowski) Table from arkivZ3TI03744
Available in MA5 Dataverse @ https://doi.org/10.14428/DVN/AFYF5Y
Model C, mz = 2.5 TeV ATLAS | MadAnalysis
Trigger, mj; > 1.3 TeV 65.8 66.8
mj1,2 > 50 GBV, D11 > 500 GeV, Pr,j2 > 400 GeV 81.3 79.8
Inj1,2] <2 100.0 98.5
mii2 < 600 GeV, Pr,i1,2 < 3000 GeV 99.9 99.9
S B | 11.6 1.6
Total 6.2 6.1

SXKIT
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https://dataverse.uclouvain.be/dataset.xhtml?persistentId=doi:10.14428/DVN/AFYF5Y
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Reinterpretation of LHC Results with MadAnalysisa

ATLAS dijet resonance analysis (JHEP 03 (2020) 145, ATLAS-EX0T-2019-03)

Can be sensitive to vector mediator Z'
Looking for final state with >2 energetic jets (R=0.4)

Results are limits on oxAxBR as function of mass of particle

Analysis implemented in MA5 (by T. Wojtkowski)
Available in MA5 Dataverse @ https://doi.org/10.14428/DVN/KHJIMW

Inclusive, Gg—= W = gq

--¥-- Theory

—e— ATLAS : Observed 95% CL

—— ATLAS : Expected 95% CL
+/- 1o

x BR [pb]

+/- 20
—=— MAS : Observe d 95% CL
—— MAS5 : Expected 95% CL

107

o
10~
2 3 4
[ my [TeV]
Karlsruher Institut flr Technologie
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Reinterpretation of LHC Results with MadAnalysisa

CMS mono-jet analysis (JHEP 11(2021) 153, CMS-PAS-EX0-20-004)

Can be sensitive to vector mediator Z' and fully invisible dark shower
Final state with >1 energetic jets (R=0.4) and Emiss>250 GeV

Results are exclusion contours in {mme,ma} plane or limits on coupling as function of Mmea

g 1022 (13 TeY)
.. 5 2 | CMS simulation j
Analysis implemented in MA5 by CMS (by A. Albert) 5 | |
Available in MA5 Dataverse @ https://doi.org/10.14428/DVN/IRF7ZL 8 o E)DC,:I\T; =7TeV.d=6 ]
g 4 Delphes + MadAnalysis |

%10"‘

107%

o 151

@
n

[P RPN BT SR RS
0 5 10 15 20

Bin index, monojet category
ﬂ(IT Figure from arXiv:2107.13021 P'H
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Reinterpretation of LHC Results with MadAnalysisa

First results (preliminary):

Dark fraction = rinv

3.0 BT i .
— tmr-01 | Dark jets analysis has some exclusion B kel
n — umicrn ~03bs) | power for rinv€{0.1,0.3} and for higher masses Dol actir 108
= :::m:: :m,ig.: ti;g 209 Dark Fraction 90%

Limit rip, = 0.5 (exp)

2.0+ —— Cross-section

0.59

SVJ t-channel analysis has some exclusion

- SRR — power for higher rinv and for lower masses | | | | |
1800 2000 2200 2:’10;)55 (G :Sc;o 2800 3000 3200 Mass (GeV)
From ATLAS-HDBS-2018-45 From ATLAS-EXOT-2022-37
(vector mediator Z', dijet event) (scalar mediator @, dijet event)
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summary

Dark QCD models/dark showers yield a broad range of phenomenology
with non-trivial, and at times, model-dependent parameter correlations

To cover the most parameter space, it is key to reinterpret experimental analyses

- we don't want to miss unexpected unconstrained areas of parameter space

Lung-lived/f\

Accessibility of all materials (cards/settings, statistical analysis etc.)
from experimental analysis is necessary to enable us to reinterpret

Visible Invisible
T T =) rine=0 Finy = 1
~raph®

We look forward to sharing our results with you in the near future!
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Backup Slide

Plans for scan

- Fixing Ncd
- Varying mz
- Varying As using (from Snowmass Whitepaper)
2
T _ 55, /29D Moo _ \/5.76+ 1.5
Ap Ap Ap A2
- Varing mqd

=> Start from our benchmark and then study each variation one by one otherwise it will be too big a scan

Additionally, we want to study Pythia parameters
- probVector has some limiting values (from Snowmass Whitepaper)

- Check if aLund and bLund parameters have an effect

SKIT
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Backup Slide

Confinemen t / breakdown of UV theory
fﬂ:ZD 7 ,ug . \/L _ 1Ga Ga.u'b' +G.(iviD. — M
Len DTTr(D“UD U) + ?Tr(MqU ) + hec. - ov =~ GouwGp + qa(ly" Dy — Mg)ap
~Ip

Energy
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