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Motivation

Study of scenarios based on the schematic interaction
dark matter (X)

mediator (Y)

SM
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Why is this important?

Representative of classes of theoretical scenarios
MSSM UED FPVDM

. 0 - VKK Vb
3.1 -->-< 21(,1 GKK 5 [KK > " qp; Ip -'-'li%l

Complementary to s-channel

t-channel s-channel
mediator always heavier than DM mediator can also be lighter than DM
even number of mediator+DM in interactions  odd mediators allowed in interactions

But interferences can happen in non-minimal/full models. . .

coloured mediators interesting at a hadron collider
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Guiding phenomenological questions

dark matter (X)
mediator (Y) ‘<
SM
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Guiding phenomenological questions

fundamental/composite

mass
spin
mass how many
spin
total width
how many dark matter (X)

mediator (Y)

size

Lorentz structure which one(s)

Depending on the possibilities:
@ Can we observe a signal? And how?
@ How does cosmology constrain the parameters?

@ How do we reinterpret results?

@ Can we define benchmarks for LHC to cover the widest range of possibilities?
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Which signatures

BESHENG S G >O<Y<SM

Not all processes might be possible at tree-level
depending on coupling or mass splitting

Long-lived mediators Mediators
01 3 (— i
_Bound states E— mmmmm  Vith prompt decay
Displaced vertices DM coupling strength MET+SM

Delayed jets/photons

depending on which SM particle

1st generation
2st generation
quark-philic 3st generation lepto-philic
universal

Interacting with SM gauge bosons (Z/W) or the Higgs boson

1 will focus on quark-philic scenarios with prompt-decay mediators
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Putting our hands on it

what do we need?

@ A numerical model to perform MC simulations (see Benjamin’s talk)
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Numerical models

Simplified models suitable for performing MC simulations at NLO in QCD
and testing against cosmological observables

Coloured mediators

DMSimpt : A general framework for t-channel dark matter models at NLO in QCD
Contact Information
Benjamin Fuks

« LPTHE / Sorbonne U.
« fuks @ lpthe jussieu.fr

Chiara Arina

« UC Lowvain
« chiara.arina @ uclouvain.be

Luca Mantani

« UC Lowvain
« luca.mantani @ uclouvain.be

See CarXiv:2001.05024 [hep-ph].
Model Description and FeynRules Implementation
We extend the Standard Model by a dark matter candidate X and a coloured mediator Y. The model includ
or bosonic dark matter) or 0 (fermionic dark matter). The model Lagrangian is given by
L= Lon+ Luan + L) + Lo(R) + L5(8) + L5(8) + Ly(V) + Ly (V)

The first term consists in the Standard Model Lagrangian, the second one Includes gauge-invariant kinetic
Dirac fermion, Majorana fermion, complex scalar, real scalar, complex vector and real vector dark matter,

Lo(X) = [Aq_{(?,;fﬁ»/\"( ¢;.A4.i.r,,;t,+1.(]
Ls(x) = [xq(qrz,.w .\JM(,,M,«M].(]
LX) = [\aior" X+t Xyt Sada X,dp e

where @ and y consists in coloured scalar and fermionic medators.

V1: http:/feynrules.irmp.ucl.ac.be/wiki/DMsimpt
V2: https://github.com/BFuks/DMSimpt.git

Dark sector particle | Spin

Mediator 0 1/2
Dark matter 12 Oort

@ DM real or complex

@ Couplings with any SM quark
(V1/V2) and lepton (V2)

@ Restrictions to select
representations or coupling
hierarchies: only one generation,
universal couplings. . . (available in
V1, in progress for V2)

C. Arina, B. Fuks and L. Mantani, Eur. Phys. J. C 80 (2020) no.5, 409, arXiv:2001.05024 [hep-ph].

C. Arina, B. Fuks, LP et al., arXiv:2504.10597 [hep-ph].
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http://feynrules.irmp.ucl.ac.be/wiki/DMsimpt
https://github.com/BFuks/DMSimpt.git
doi:10.1140/epjc/s10052-020-7933-7
https://arxiv.org/abs/2001.05024
https://arxiv.org/abs/2504.10597

Putting our hands on it

what do we need?

@ A numerical model to perform MC simulations (see Benjamin’s talk)
@ Tools to perform the MC simulations (see Olivier's and Sasha’s talks)
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The processes to simulate

Accurate kinematical description of the signal

Process LO NLO

g —»—pomcms X q 3 X

XX Y SR

g —€—=cacas X q 2

4 —>—p—X q X

XY Yy g Y
8 222000053 Y g >y
8 rrTTTTy - Y q Y

YY

YY p s 8 Y

PYYTTYTS SN0 R Y g >y

Double-counting between real emission and tree-level processes
Removed through suitable algorythm in MadGraph (MadSTR)

beware of limitations: narrow width approximation I'y < my
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Putting our hands on it

what do we need?

@ A numerical model to perform MC simulations (see Benjamin’s talk)
@ Tools to perform the simulations (see Olivier's and Sasha’s talks)

© Tools to process the simulation results

— Reinterpret experimental data to constrain the parameter space of r-channel models
—— Determine relevant kinematical distributions to optimize targeted analyses and
discriminate different scenarios
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Classification of simplified scenarios

Real DM Complex DM
| | Mediator spin | | Mediator spin
| ] o 122 1 | ] o 12 1
DM 0 X F3S toT;)e DM 0 X F3C . X
spin 1/2 | S3M x done spin 1/2 | S3D X doogg
1 X F3V X 1 X F3wW X

Examples of theories which can be described by these simplified models

S3M SUSY: squarks+neutralino (Majorana fermion)

S3D Right-handed neutrino portals with extended scalar sectors
F3S UED: KK quark partners + KK photon (real scalar)

F3C SUSY: sleptons+sneutrinos (not aware of quark-philic models)
F3V ?

F3W  FPVDM: vector-like quark + vectér DM (non-abelian gauge boson)

Complex DM scenarios excluded by cosmology for interactions with light quarks
Is it true also for non-minimal models?
Is it true also for bottom and top?
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Putting our hands on it

what do we need?

@ A numerical model to perform MC simulations (see Benjamin’s talk)
@ Tools to perform the simulations (see Olivier's and Sasha’s talks)

© Tools to process the simulation results

—— Reinterpret experimental data to constrain the parameter space of r-channel models
—— Determine relevant kinematical distributions to optimize targeted analyses and
discriminate different scenarios

one of such tools is

MadAnalysis 5
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MadAnalysis 5

@ Clone

= gthub 2ycarsage | & madanalysisirmp.uclac.be

m bin monthsago | ™At hgheneryphysies hep Ihc
hepph  hepec  interprecationhedata

- doc

2MOntISage  beyond standard modelshysks

B madanalysis 2months ago

@ Readme
- oo 2monthsago | @ GPL30Iense
o ofcomdt
W validation Merge branch 'main into validation yeasage @
© Cretnsepostary~
0 gugnore Updte ot ersionof Delphes/Dephesastne 0., 2yessam | acuy
D zenodojson ixing json info 2monthsago | & Custom properties
% zss
[ cmmonson pae e B
[ CODE_OF_CONDUCTmd. Create CODE_OF_CONDUCT.md 2yearsage | ¥ 18forks
[ CONTRIBUTING.md Create CONTRIBUTING.m« 3years ago £
0 corrive ving CoPYING mss 2 COPYING Zyerssce | Releases 1o
D READMEMJ add zenodo doi 1omontnsago | © v1.11.0 (Latest
D requirements Jpate or spey 020 smonmsago | Lo
D REAOME @ Codearconduct B GPL30 cense = | commun@
! e~veéme
Welcome to MadAnalysis 5 @
Languages
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MadAnalysis 5

@ Clone
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MadAnalysis 5
@ Clone

Now MadAnalysis 5 is ready for parton-level analysis
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t-channel example

multiple samples / multiple processes

Let’s assume the DM is a real scalar interacting with the right-handed up quark
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t-channel example

multiple samples / multiple processes

Let's assume the DM is a real scalar interacting with the right-handed up quark

@ Open MG5_aMC and simulate just two processes: XY and YY with ¥ — Xu

| e R X Ll—»—;—)—)’\
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t-channel example

multiple samples / multiple processes
Let's assume the DM is a real scalar interacting with the right-handed up quark

@ Open MG5_aMC and simulate just two processes: XY and YY with ¥ — Xu
@ Enter in the simulation folders and run . /bin/madevent, in each of them

y name, or blank

higher than

For XY let's have two separate samples

And do the same for a coupling A = 0.1
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t-channel example

multiple samples / multiple processes

Let's assume the DM is a real scalar interacting with the right-handed up quark

@ Open MG5_aMC and simulate just two processes: XY and YY with ¥ — Xu
@ Enter in the simulation folders and run . /bin/madevent, in each of them
© Now let'srun . /bin/ma5 in the MadAnalysis 5 folder
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=3000.0 fb~?)

Events (Line

t-channel example

multiple samples / multiple processes

Let's assume the DM is a real scalar interacting with the right-handed up quark

@ Open MG5_aMC and simulate just two processes: XY and YY with ¥ — Xu
@ Enter in the simulation folders and run . /bin/madevent, in each of them
© Now let'srun . /bin/ma5 in the MadAnalysis 5 folder

@ Analyse results

no cuts 7 |do(j, MET)| > m

=3000.0 fb™1)

Events (Lint

[ 200 400 800 1000 1200 1400 o 200 00 00 800 1000 1200 1400

600 E
[ET (GeV) ET (GeV)

Notice how XX and XY scale differently with the coupling
and how cuts affect distributions in different ways
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Relevance of the different processes

Master equation to reconstruct signal for any flavour hypothesis

BN My, Mx) = X0 6470, (My) €y, (My, Mx)
+ A Gyy,(My, Mx) eyy,(My, Mx)

+ A Gyy, (My, Mx

)
; eyy, (My, Mx)

+ 24 &yy{ (My,MX E?yz(MY’ MX)
+ A\? 6yy,(My, Mx) eyy,(My, Mx)
+ M\ Gxx (My, Mx) exx(My, My)
+ A% 6xy (My, Mx) exy(My, Mx)

& are the cross-sections after factorizing the new coupling
e are the efficiencies associated with a given experimental signal region

Example with XX and XY (decays are factorised via branching ratios)

MxA— o N2

8 w0000

+Y

The kinematic properties are driven only by the masses
) just rescales the cross-sections without affecting the shape of distributions
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Relevance of the different processes

Master equation to reconstruct signal for any flavour hypothesis

ol (N My, Mx) = X0 67,0, (My)  eygye, (My, Mx)
+ \* Gyy, (My, M) eyy,(My, Mx)
+ M 6y, (My, Mx) eyy,(My, Mx)
+ A 67y, (My, Mx) epy,(My, Mx)
+ A\* yy, (My, Mx) eyy,(My, Mx)
+ ¢ UXX(MY,MX) exx(My, Mx)
+ N2 Gxy (My, Mx) exy(My, Mx)

& are the cross-sections after factorizing the new coupling
e are the efficiencies associated with a given experimental signal region

Now let’s deal with the efficiencies
@ We need to include parton-showering and hadronization/fragmentation

1pl # or any name, or blank
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Relevance of the different processes

Master equation to reconstruct signal for any flavour hypothesis

o (X My, Mx) = \° 6¥Toep (My)  €xvye, (My, Mx)
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-+ N O'xx(My,Mx) EX. (My,Mx)
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& are the cross-sections after factorizing the new coupling
e are the efficiencies associated with a given experimental signal region

Now let’s deal with the efficiencies
@ We need to include parton-showering and hadronization/fragmentation

1pl # or any name, or blank

@ Now we need to reconstruct the objects in the final state and pass them through
the detector before applying the experimental selections and cuts
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Relevance of the different processes

Master equation to reconstruct signal for any flavour hypothesis

o (X My, Mx) = \° 6¥Toep (My)  €xvye, (My, Mx)
+ \* Gyy, (My, M) eyy,(My, Mx)
+ M 6y, (My, Mx) eyy,(My, Mx)
+ A 67y, (My, Mx) epy,(My, Mx)
+ A2 6yy,(My, Mx) eyy,(My, Mx)
-+ N O'xx(My,Mx) EX. (My,Mx)
+ N2 Gxy (My, Mx) exy(My, Mx)

& are the cross-sections after factorizing the new coupling
e are the efficiencies associated with a given experimental signal region

Now let’s deal with the efficiencies
@ We need to include parton-showering and hadronization/fragmentation

1pl # or any name, or blank

@ Now we need to reconstruct the objects in the final state and pass them through
the detector before applying the experimental selections and cuts

© Let's use analyses for which a recast is already available (or do our own recast)
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MadAnalysis 5
@ Clone

Now MadAnalysis 5 is ready to recast
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Recasting with MadAnalysis 5

@ Now let'srun . /bin/ma5 -R in the MadAnalysis 5 folder, to enter in the
reconstructed-level mode
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Recasting with MadAnalysis 5

@ Now let'srun . /bin/ma5 -R in the MadAnalysis 5 folder, to enter in the
reconstructed-level mode

PADType
cated in the PAD(Fe
,

A ||st of searches (among those available) targeting flnal states wnh jets and MET
Why? Because our DM is quark-philic

X
P X P X P y<<_ jet
>:><X >C>< >C><
: X X
t
P je P Y<_ jet P Y<_ jet

The list depends on the final state

The longer the list, the longer it takes to do the recast
(large statistics takes several hours, choose wisely)
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Recasting with MadAnalysis 5

@ Now let'srun . /bin/ma5 -R in the MadAnalysis 5 folder, to enter in the
reconstructed-level mode

submit

@ Let's look at the result
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v 5 S3M_XX_LO_SMu_MY1000_MX100_recast

v B3 Input

i' v _dmtsimpulist

1) recasting_card.dat
- £5 Output
=V
— B8 HTML
— B8 Histos
& roF
v BE SAF

v £5 dmtsimp
}——E RecoEvents
> [ atlas_conf_2019_040
j> £5) atlas_exot_2018_06
v B5 atlas_susy_2018_17
- E5 cutflows

) SR_10ij50_0ib_M|340.saf

&) SR_10ij50_0ib_M)500.saf

|

}' s/ SR_10ij50_1ib_MJ500.saf
}" ) SR_11ij50.5af

[ SR_12ij50_2ib.saf

}'— =) SR_8ij50_0ib_M)500.5af
[' s/ SR_9i50_0ib_M)340.saf

=/ SR_9ij80.saf

L #) atlas_susy_2018_17.saf

ograms

> B5 cms_ex0_20_004
|

> BS cms_sus_19_006
[— i/ CLs_output.dat

%) dmtsimp.saf

— £ CLs_output_summary.dat

“[# history.mas

MADS recasting output

the main parts at least
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MADS recasting output

v ?;h‘l\;:j;LO,SMU,MWDDU,MXWOOJE[ES[ @ The cutflows the main parts at least
= _dmtsimp.list
J recasting_card.dat
- £5 output
£5 DV
5 HTML
B8 Histos
£5 PDF
v BE SAF
v &5 dmtsimp

With this information we can investigate
which cuts are killing or keeping the
signal and/or the background

ES RecoEvents
> [ atlas_conf_2019_

> 5 atlas_exot_2018_06 E 4 baeo # sun of ./e\:;‘:v”tgr
v B5 atlas_susy_2018_17
v B cutflows

) SR_10ij50_0ib_MJ340.5af
# SR_10(j50_0ib_MJ500.5af 0 0. 0 m of weight:

s/ SR_10ij50_1ib_MJ500.5af
s SR_11ij50.5af
SR_12ij50_2ib.saf

- SR_8ij50_0ib_M)500.5af

+/ SR_9ij50_0ib_MJ340.saf
+/ SR_9ij80.saf
> B5 Histograms
»l atlas_susy_2018_17.saf
> B5 cms_ex0_20_004
> BS cms_sus_19_006
%) CLs_output.dat
+/ dmtsimp.saf
7 CLs_output_summary.dat

2! history.mas 17/22



MADS recasting output

v ?;r»‘/\;:j;Lo,sMu,Mwuun,waoo,rs[ast @ The cutflows the main parts at least
_misimpJist JShFeadar>

J recasting_card.dat .
~ -B5 output “Inttial nunber ;f event
E ovi 1 0
5 HTML
ES Histos
B POF
v [ SAF
v B8 dmtsimp

With this information we can investigate
which cuts are killing or keeping the

I ecopYens signal and/or the background

> B atlas_conf_2019_040

> B atlas_exot_2018_06

v B3 atlas_susy_2018_17

v B cutflows
50 j # 3st cut
) SR_10ij50_0ib_MJ340.saf 0 # nentries

) SR_10ij50_0ib_M)500.5af Sisisia s s ] AEmdiiEE

s/ SR_10ij50_1ib_MJ500.5af
) SR_11ij50.5af

) SR_12i50_2ib.saf

- SR_8ij50_0ib_M)500.5af

SR_9ij50_0ib_M)340.5af
) SR_9ij80.saf
> [ Histograms
= atlas_susy 2018_17.saf
> ‘B8 cms_ex0_20_004
> BS cms_sus_19_006
& cLs_outputdat With this information we can reinterpret our results
BAinp sof for any value of the DM coupling™

7 CLs_output_summary.dat

2/ history.ma5 * conditions apply, do not exceed recommended doses of approximation 17/22



Some results

based on
t-channel dark matter models - a whitepaper

Chiara Arina*,' Benjamin Fuks*?,? Luca Panizzi*,* Michael J. Baker’,> Alan S. Cornell’,® Jan Heisig!,”
Benedikt Maier’* Rute Pedro'.” Dominique Trischuk®,' Diyar Agin,> Alexandre Arbey,'! Giorgio Arcadi,'> '3
Emanuele Bagnaschi,'* Kehang Bai,'> Disha Bhatia,'® Mathias Becker,'”'$1 Alexander Belyaev,?"2! Ferdinand Benoit,?
Monika Blanke,”>2* Jackson Burzynski,2* Jonathan M. Butterworth,”> Antimo Cagnotta,”® Lorenzo Calibbi,?”

Linda M. Carpenter,?® Xabier Cid Vidal,2? Emanuele Copello,'” Louie Corpe,* Francesco D’Eramo,'$: 1 Aldo Deandrea,® !

Aman Desai,*"»3? Caterina Doglioni,® Sunil M. Dogra,* Mathias Garny,* Mark D. Goodsell,> Sohaib Hassan,’
Philip Coleman Harris,’” Julia Harz,!” Alejandro Ibarra,® Alberto Orso Maria Iorio,® Felix Kahlhoefer,”
Deepak Kar,**-4! Shaaban Khalil,*> Valery Khoze,* Pyungwon Ko,** Sabine Kraml,*> Greg Landsberg.® Andre Le:
Laura Lopez-Honorez,*#° Alberto Mariotti,"*° Vasiliki A. Mitsou,”' Kirtimaan Mohan,’ Chang-Seong Moon,’
Alexander Moreno Bricefio,’> Marfa Moreno Lldcer,”' Léandre Munoz-Aillaud,? Taylor Murphy,>3* Anele M. Ncube.®
Wandile Nzuza,** Clarisse Prat,** Lena Rathmann,” Thobani Sangweni,”® Dipan Sengupta,®® William Shepherd,”’
Sukanya Sinha,*® Tim M.P. Tait,®¥ Andrea Thamm,’ Michel H.G. Tytgat," Zirui Wang,* David Yu,** and Shin-Shan Yu®!

arXiv:2504.10597
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Different coupling assumptions

DM interacting with the up quark

4000 ooty T —
S3M uR observed 20 limits S3M ug observed 20 limits
E MAS5 recast of 4 E MAS recast of
35007 ATLAS and OMS searches 107 35007 ATLAS and CMS searches 1]
XX XY Yo (YYaco YY) 5] I XX XY Y (YY )
t| combined XX+XY+YY channels ¥ I| combined XX+XY+Y annels 1
3000; ----Ll0 ——NLO ] 3000; Y J—TY) 5
2500 Tv/My=5%
s f > 10
> E .
O 20001
x f 2
= 1500 - ]
E 20
1000 -
500 -
7500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
My (GeV) My (GeV)

@ Validity of narrow width approximation
@ Different functional dependence of coupling-dependent constraints
@ Mild differences NLO vs LO
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Different spin configurations

DM interacting with the up quark

4000 e 4000+ v v
S3M uR observed 20 limits F3S ug observed 20 limits
E MAS recast of F E MAS recast of
35007 ATLAS and CMS searches 107 35007|  ATLAS and CMS searches e
XX XY YYior (YYaco YY) 57 XX XY YYior (YYaco YY1 1
3000 | Combined XX+XY+YY channels %] 3000 L] Combined XX+XY+YY channels 1
f e= L0 —— NLO ] : ----L0  ——NLO 5
HoryiMy=5% Hoorymy=5%

7500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
My (GeV) My (GeV)

@ Different reach (depending on degrees of freedom)

@ Different dependence on masses (related to the structure of the amplitudes)
(see Phys. Rev. D 108 (2023) no.11, 115007 for details)
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Different quark interactions

same spin configuration

4000 vt ey 1000
S3M uR observed 20 limits S3M cR observed 20 limits
£ MAS recast of f t MAS recast of
35001 ATLAS and CMS searches 107 L ATLAS and CMS searches
XX XY YV (YYaco YY) 51 8001 XX XY Y (VYoo YY)
3000 [] Combined XX+XY+YY channels | .| Combined XX+XY+YY channels
r ----L0  =——NLO ] [ ----L0  ——NLO
25005 rymy=5% y/My=5% 1
s Q < 600 4|
© [ () P
© 2000" )
x £ 2 x
= 1500 = 400
1000 -
: 200
500
'500 1000 1500 2000 2500 3000 3500 4000 1000
My (GeV) My (GeV)

@ Huge role of valence quarks in same-charge mediator production
@ Completely different interplay of contributions
@ Different NLO/LO K-factors
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Conclusions

Extremely flexible analysis for -channel DM models through MA5
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Conclusions

Extremely flexible analysis for -channel DM models through MA5

All MA5 output from the WP is available
around 6.5 GB of data for all quarks and all spin combinations
(now upon request, planning to make it public soon)

Many possible extensions and follow ups of this analysis

We are generalising the treatment to s-channel and its interplay with -channel
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