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Collider simulations Dark matter at colliders Interpretations Summary
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Collider simulations Dark matter at colliders Interpretations Summary

-------------------------------------------------------------------------------------------------

4 Towards the characterisation of new physics

% About the nature of an observation
* Fitting (and interpreting) deviations
* Leading order Monte Carlo tools and techniques good enough

* Final words on the nature of any potential new physics
* Accurate measurements
* More precise predictions mandatory
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4 Towards the characterisation of new physics

% About the nature of an observation
* Fitting (and interpreting) deviations
* Leading order Monte Carlo tools and techniques good enough

* Final words on the nature of any potential new physics
* Accurate measurements
* More precise predictions mandatory
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-----------------------------------------------------------------------------------------------

* Monte Carlo tools play a key role at each step

% Prospective collider studies (a priori preparation)
* Study of various new physics signals

% Reinterpretation of existing results (a posteriori reactions)
* LHC recasting in new contexts

New physics simulations crucial

,---------------.
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Collider simulations Dark matter at colliders Interpretations Summary

4 Simulating new physics is standard
% 20—-25 years of developments ~ LO simulations = bread and butter

o™ ™ Em EEEEE---
T E-EE-EE-E-E-E-E----

< Simulations at the NLO accuracy in QCD can be easily achieved

---------------------------------------------------------------------------------------------------------------
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. 4 Simulating new physics is standard
% 20—25 years of developments ~ LO simulations = bread and butter
< Simulations at the NLO accuracy in QCD can be easily achieved ',:
. 4 Streamlining the connection of a physics models to events
+ % Any new physics model can be implemented
i *Easy to validate and maintain :
: |ldea Simulated Event
' : > . > : .
' Lagrangian collisions analysis '
: Chain of Other
o tools tools
: E +Tilfg,/4fo'A] o E
: :V::A) + H.c. i
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. 4 Simulating new physics is standard
% 20—-25 years of developments ~ LO simulations = bread and butter
. Simulations at the NLO accuracy in QCD can be easily achieved |
: 4 Streamlining the connection of a physics models to events
: % Any new physics model can be implemented
i <»Easy to validate and maintain 5
: Idea Simulated Event
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' Lagrangian collisions analysis '
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Collider simulations
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4 Hard process
< Depends on the physics
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4 Hard process
g < Depends on the physics
L model (SM, BSM,...) g
. 3 ¥ & Perturbative QCD
L < — - :
' 4 Parton showering
< Universal (QCD) :
e i
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A — "\ 4 Hard process
3 < Depends on the physics :
P | model (SM, BSM,...)
.2 (7 o Perturbative QCD
L |« I — —— 5
' 4 Parton showering
¥ % Universal (QCD) :
. o A e Tl ¥ ' 9 Hadronisation |
U.: R PR * Model-based, universal |
| 4 Underlying event J
: h “* Model-based, non-universal | :
Proton
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-

. . ; O ::.: : ,,////;/ ; '

% TeV scale: hard scattering (new physics?) Bt %\,% R TN
(/) .. e ) \ \ L :

“*Down to Aqcp: QCD environment = \ /ji;g}

- E EE EEEEEEEEEEE SRS EEEEE .

% Down to sub-MeV:interactions with a detector U e, ol
AT ;

Tools and methods for each step «\\\ 7 e :

E AT e :

---------------------------------------------------------------------------------------------------------------
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Summary

Interpretations

Collider simulations Dark matter at colliders

. 4 Multi-scale problem ~ factorisation

. . . ; '\? . q v -
i **TeV scale: hard scattering (new physics?) B e %,L'% R TYCR
: B SN 4 R R N
. »Down to Agcp: QCD environment = ‘.13;:;;,—,",“‘””‘* % -‘ O
: o AL ) e
. **Down to sub-MeV:interactions with a detector T e, | S
; """"" E
5 Tools and methods for each step ‘\\ﬁf Y :
- P =

4Too|s development: a very intense activity
% Matrix-element generation (CALCHEP, HERWIG, MG5_ AMC, SHERPA, WHIZARD, etc)

< Higher-order computation techniques (MC@NLO, POWHEG, NNLO)
< Parton showering / hadronisation (PYTHIA, HERWIG, SHERPA)

% Matrix element - parton shower matching
% Merging techniques (MLM, CKKW, FxFx, UNLOPS, etc.)

% Detector simulators (DELPHES, RIVET, MADANALYSIS 5) E
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. 4> Standard Model simulations under good control
. % Relevant LHC processes: known with a very good precision
. s#Further improvements expected in the next few years

---------------------------------------------------------------------------------------------------------------
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. 4> Standard Model simulations under good control
. % Relevant LHC processes: known with a very good precision
. s#Further improvements expected in the next few years

---------------------------------------------------------------------------------------------------------------

T e e ss -

---------------------------------------------------------------------------------------------------------------

4 Differont challenges for new physics .................................................. R B ‘
*No sign of new physics _
%*SM-like measurements »om’ \\v"

~ no leading candidate theory %% @v

*Plethora of models to consider -

~ many implementations in tools vt Dimencions
y Imp TP,

Despite of this, new
physics is standard today

little Higgs

----------------------------------------------------------------------------------------------------------------
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L4 .

4 Tools connecting an idea to simulated collisions
L # Model building

Idea / Lagrangian < Hard scattering

v % Feynman diagram and amplitude generation

¥ FEYNRULES / SARAH / LANHEP / UFO W Monte Carlo integration
% Event generation
/ < QCD environment

* Parton showering
Matrix Parton Detector

Elements showers ™ Reconstruction * Hadronisation
ARCLCII R . % Underlying event
\/ - % Detector simulation

* Simulation of the detector response

Simulated collisions : ,
* Object reconstruction

\/ < Event analysis
Analysis % Signal/background analysis
.~ % LHC recasting

O E M R M R B R M RN BN RN BN RN M RN BN BN BN BN BN BN BN BN BN BN BN BN BN RN BN BN BN RN BN RN BN BN BN BN BN RN BN BN BN BN B M R RN M RN M M M M M M W oy
N o W M W M W M W M W M W M M M M M M M M M RN M RN M BN RN RN M RN M RN M BN M RN M M M M M M M M M M M M M M WM W Emmm
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QCD calculations and
Monte Carlo simulations
for colliders
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4 Distribution of an observable @: the QCD factorisation theorem
i do doap ;
E o - ;/an dxp fa/p, (Xa5 ) To/p, (Xbi F) d: (- 1F) E
% Long distance physics: the parton densities
% Short distance physics: the differential parton cross section doas
¢ Separation of both regimes ~ the factorisation scale ur
5 * Choice of the scale ~ theoretical uncertainties 5

---------------------------------------------------------------------------------------------------------------
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4 Distribution of an observable @: the QCD factorisation theorem

do
dw

doap
dw

= 3 e oy (i ) oy (i ) 2 )
ab

% Long distance physics: the parton densities
% Short distance physics: the differential parton cross section doas

¢ Separation of both regimes ~ the factorisation scale ur
* Choice of the scale ~ theoretical uncertainties

- EE E E EEEEEEEE DS "SR EEEEEEEEEEEEE ==&,

---------------------------------------------------------------------------------------------------------------
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4 Short distance physics: the partonic cross section
% Order by order in perturbative QCD: do = do®©® + as do()) + ...

—

% Truncation of the series and Qs ~ theoretical uncertainties

Feynman diagrams (depend on the physics model)

O E EEEEEE NN NN NN EEEEEE N

* More orders ~ more precision 5
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4 Long distance physics: parton densities
“*Relate hadrons to their content
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Dark Matter @ Colliders
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Interpretations

Summary
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Collider simulations Dark matter at colliders Interpretations Summary

] Fixed target IS
4 Long distance physics: parton densities | comtermrate o ot 5

¢*Relate hadrons to their content 10°7 _ Topauekparprodoaun |

< Depend on the momentum fraction x
of the parton in the proton
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Collider simulations Dark matter at colliders Interpretations Summary

] Fhoed target IS
4 Long distance physics: parton densities | < comrmone e £
* Relate hadrons to their content 10 | oo g

< Depend on the momentum fraction x FriE
of the parton in the proton . Fonr

' o 08000 R e T 7 s

< Depend on a scale Q | o 0005 bt dl S
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% Fitted from experimental data g L)
. . . . 4 v
[in some kinematical regimes (x,Q)] .. ——
B ¥ %

% Evolution driven by QCD 3 -

(DGLAP/BFKL) . T
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Collider simulations Dark matter at colliders Interpretations Summary

* Direct squared matrix element computations
% Extraction of the amplitude from the Feynman rules :
: . ol N T 5
5 iM = ig? [vgv“ul} % |:’U,3’)/V’U4} Te o Te e, 5

----------------------------------------------------------------------------------------------------------------
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* Direct squared matrix element computations

: < Extraction of the amplitude from the Feynman rules
Nuv

M= ) B e e

----------------------------------------------------------------------------------------------------------------
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* Direct squared matrix element computations
% Extraction of the amplitude from the Feynman rules :
i Z./\/l — ng ./y)_.i| D@ Cco2C1 6304 M i
: S :
E Particles

----------------------------------------------------------------------------------------------------------------
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* Direct squared matrix element computations

: < Extraction of the amplitude from the Feynman rules
Nuv

M= () ) e e

----------------------------------------------------------------------------------------------------------------
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4 Direct squared matrix element computations
. % Extraction of the amplitude from the Feynman rules

iM = ig ] 77—;“’ @ Teye, Teye,

% Squaring with the conjugate amplitude
% Algebraic calculation (colour and Lorentz structures)

< Sum/average over the external states Particles
7 _ 1 2g; y
M| = 36 52 1r {pl,},u%v } {pzﬂ#pzﬂ“}
B 1692

052 [(Pl 'P3)(P2 °p4) + (p1 -p4)(p2 .pg)}

----------------------------------------------------------------------------------------------------------------
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4 Direct squared matrix element computations
. % Extraction of the amplitude from the Feynman rules

iM = ig ] 77—;“’ @ Teye, Teye,

% Squaring with the conjugate amplitude
% Algebraic calculation (colour and Lorentz structures)

< Sum/average over the external states Particles
7 _ 1 2g; y
M| = 36 52 1r {pl,},u%v } {pzﬂ#pzﬂ“}
1692

- 052 [(Pl 'P3)(P2 °p4) + (p1 -p4)(p2 .pg)}

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

< The complexity rises as N2

> Helicity amplitudes
< Any calculation beyond 2-to-3 becomes a problem Icity piitu
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% Evaluation of the amplitude for fixed external helicities
< Add all amplitudes (we get complex numbers)

% Squaring

< Sum/average over the external states

sEEEEEEE DS SRR EE .,

----------------------------------------------------------------------------------------------------------------
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. 4 Principle
i« Evaluation of the amplitude for fixed external helicities
: < Add all amplitudes (we get complex numbers) E
% Squaring
< Sum/average over the external states

W5 BN BN OB BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN BN BN BN BN BN B B M M M M W W O m
N mom Em E W E O E S N W O O O M O M M B M M M M MM M MW N EEEmmom P
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. 4 Principle
i« Evaluation of the amplitude for fixed external helicities
: < Add all amplitudes (we get complex numbers) E
% Squaring
< Sum/average over the external states

|. External incoming particles (numbers)
% For fixed helicity and momentum

W5 BN BN OB BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN BN BN BN BN BN B B M M M M W W O m
N mom Em E W E O E S N W O O O M O M M B M M M M MM M MW N EEEmmom P
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. 4 Principle
i« Evaluation of the amplitude for fixed external helicities
: < Add all amplitudes (we get complex numbers) E
% Squaring
< Sum/average over the external states

|. External incoming particles (numbers)
% For fixed helicity and momentum

2.Wave function of the gluon propagator

N mom Em E W E O E S N W O O O M O M M B M M M M MM M MW N EEEmmom P
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. 4 Principle
i« Evaluation of the amplitude for fixed external helicities
: < Add all amplitudes (we get complex numbers) E
% Squaring
< Sum/average over the external states

|. External incoming particles (numbers)
% For fixed helicity and momentum

2.Wave function of the gluon propagator

3. External outgoing particles
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. 4 Principle
i« Evaluation of the amplitude for fixed external helicities
: < Add all amplitudes (we get complex numbers) E
% Squaring
< Sum/average over the external states

|. External incoming particles (numbers)
% For fixed helicity and momentum

2.Wave function of the gluon propagator

3. External outgoing particles
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"4 The building blocks of the amplitude are the so-called HELAS functions
< HELAS = HELicity Amplitude Subroutine

Sufficient for many models
— — ~ very useful for numerical calculations

: ’ t % One specific routine for each Lorentz structure (I5)
. %+ Not generic for any model

E Uy = f(p17m1) * SM [ Murayama, Watanabe & Hagiwara (KEK-91-11) ]

E vy = f(p2, ms) % MSSM [ cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD"06) ]
u3z = f(ps, m3) * HEFT [ Awanetal. gHEP07)]

vy = f(p4,ma) % Spin 2 [ Hagiwara, Kanzaki, Li &Mawatari (EPJC'08) ]

W = f(vg,u1,I'1) * Spin 3/2 [ Mawatari & Takaesu (EPJC'11) ]

Vo mm m o om momom o om O oW W W WM W M W W MW O W M W W W W mmEmmomomm

---------------------------------------------------------------------------------------------------------------
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Collider simulations Dark matter at colliders Interpretations Summary

I

4 The building blocks of the amplitude are the so-called HELAS functions
< HELAS = HELicity Amplitude Subroutine

: ; < One specific routine for each Lorentz structure (I) 5
. t .
5 . < Not generic for any model ;
E Uy = f(pl; ml) * SM [ Murayama, Watanabe & Hagiwara (KEK-91-11) ] E
E Uy = f(pa, mo) % MSSM [ cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD"06) ] :
u3z = f(p3, ms) * HEFT [ Alwall et al. (JHEP07) ]
E vy = f(pa, ma) * Spin 2 [ Hagiwara, Kanzaki, Li & Mawatari (EPJC 08) ] :
W = f(v2,u1,I'1) % Spin 3/2 [Mawatari & Takaesu (EPJC'11) ]
Sufficient for many models
= — ~ very useful for numerical calculations

* Generalisation: ALOHA 1 [ de Aquino, Link, Maltoni, Mattelaer & Stelzer (CPC'12)]

* Translation of any vertex present in a UFO into a HELAS subroutine
< Any model gets supported (EFTs, UV-complete models, etc.)

----------------------------------------------------------------------------------------------------------------
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4 The building blocks of the amplitude are the so-called HELAS functions
< HELAS = HELicity Amplitude Subroutine

I

: ; < One specific routine for each Lorentz structure (I) 5
. t .
5 . < Not generic for any model ;
E Uy = f(pl; ml) * SM [ Murayama, Watanabe & Hagiwara (KEK-91-11) ] E
E Uy = f(pa, mo) % MSSM [ cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD"06) ] :
u3z = f(p3, ms) * HEFT [ Alwall et al. (JHEP07) ]
E vy = f(pa, ma) * Spin 2 [ Hagiwara, Kanzaki, Li & Mawatari (EPJC 08) ] :
W = f(v2,u1,I'1) % Spin 3/2 [Mawatari & Takaesu (EPJC'11) ]
Sufficient for many models
= — ~ very useful for numerical calculations
* Generalisation: ALOHA 1 [ de Aquino, Link, Maltoni, Mattelaer & Stelzer (CPC'12)]

* Translation of any vertex present in a UFO into a HELAS subroutine
< Any model gets supported (EFTs, UV-complete models, etc.)

----------------------------------------------------------------------------------------------------------------

'-----.‘
R e

---------------------------------------------------------------------------------------------------------------

" 4 Recycling: reusing pieces across diagrams
¢ Gain in computing time
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------------------------------------------------------------------------------

Analytical Mz (N!)z 109

Helicity M NI 2N 107

Recycling M (N-1)I 2N-1 5x105

------------------------------------------------------------------------------

Dark Matter @ Colliders Benjamin Fuks - 08.09.2021 - 15
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do

2
a — Z/dxadxbd@nfa/pl (xa,,uF) fb/pz (:'Cb7ILLF) |M‘ Ow(q)n)
a,b

% The evaluation of any observable requires the integral calculation

- O O O M M W O O O M O MWW W OE O W
L N L L R R R g

---------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

~

. 4 The QCD factorisation theorem

do

2
a — Z/dxadxbd@nfa/pl (xa,,uF) fb/pz (:'Cb7ILLF) |M‘ Ow(q)n)
a,b

% The evaluation of any observable requires the integral calculation

“* The phase space ~ highly-dimensional integral (3n-2 integrals = n-body final state)
* The phase space structure ~ analytical calculations hopeless

% The integrand is a very peaked function (propagators)

----------------------------------------------------------------------------------------------------------------
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~

. 4 The QCD factorisation theorem

do

2
a — Z/dxadxbd@nfa/pl (xa,,uF) fb/pz (:'Cb7ILLF) |M‘ Ow(q)n)
a,b

% The evaluation of any observable requires the integral calculation

“* The phase space ~ highly-dimensional integral (3n-2 integrals = n-body final state)
* The phase space structure ~ analytical calculations hopeless

% The integrand is a very peaked function (propagators)

General and flexible numerical methods
~ Monte Carlo simulations

----------------------------------------------------------------------------------------------------------------
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§Accelerated charges radiate
% Large momentum transfers = lot of radiation

----------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

. 4 Accelerated charges radiate
: % Large momentum transfers = lot of radiation
. 4 QED
% Electrically-charged particles radiate photons
: % Photons can split into a (charged) fermion-antifermion pair ;

---------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

§Accelerated charges radiate
% Large momentum transfers = lot of radiation

* QED
% Electrically-charged particles radiate photons
% Photons can split into a (charged) fermion-antifermion pair

4 QCD is similar, but from the colour charge standpoint
% Quarks can radiate gluons
% Gluons can split into a quark-antiquark or a gluon pair (QCD is non-Abelian)

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

§Accelerated charges radiate
% Large momentum transfers = lot of radiation

* QED
% Electrically-charged particles radiate photons
% Photons can split into a (charged) fermion-antifermion pair

4 QCD is similar, but from the colour charge standpoint
% Quarks can radiate gluons
% Gluons can split into a quark-antiquark or a gluon pair (QCD is non-Abelian)

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

4 Highly energetic coloured particles radiate

% Each parton is dressed with an arbitrary number of partons (multiple radiation)
> Radiated partons also radiate

< One ends up with a cascade of radiations > parton showers

----------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------

. 4 Generalities
% Perturbative QCD breaks down at scales around | GeV
< Non-perturbative models: from partons to hadrons
E‘ * Cannot be computed from first principles ;

---------------------------------------------------------------------------------------------------
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. 4 Generalities
* Perturbative QCD breaks down at scales around | GeV
 Non-perturbative models: from partons to hadrons
S * Gannot be computed from first principles ;
. 4 Two main hadronisation models
i o}oThe Lund string model| [ Andersson, Gustafson, Ingelmanm & sjéstrand (PR’83) ] E
. % The cluster model [wesber (vpess);

---------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------

. 4 Generalities
* Perturbative QCD breaks down at scales around | GeV
< Non-perturbative models: from partons to hadrons
S * Gannot be computed from first principles ;
. 4 Two main hadronisation models
i o}oThe Lund string model| [ Andersson, Gustafson, Ingelmanm & sjéstrand (PR’83) ] E
®* The cluster model [ webber (NPB84)]
. 4 Hadron decays
¢ Thousands of different channels
. < Based on form factors
* Large uncertainties (the sum of the branching fractions may not be 1)
% Significant impact on the event shape

---------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------

. 4 Generalities
: % Perturbative QCD breaks down at scales around | GeV
i *#Non-perturbative models: from partons to hadrons
' * Cannot be computed from first principles ;
. 4 Two main hadronisation models 5
E ’X‘The Lund String mOdeI [ Andersson, Gustafson, Ingelmanm & Sjostrand (PR’83) ] E
: ®* The cluster model [ webber (NPB84)] ;
. 4 Hadron decays
: % Thousands of different channels :
: % Based on form factors 5
: % Large uncertainties (the sum of the branching fractions may not be ) :
: % Significant impact on the event shape ;
i 4 Detector simulations and reconstruction (see below)

. < Transfer functions or ‘tracks and hits’
. % Pile-up (very relevant for the future)

TS E e e EE .
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What about NLO
simulations?

To be discussed later
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’

" 4 Dark matter is an important motivation for new physics
% Flattening of the galaxy rotation curves
< Gravitational lensing
% Cosmic microwave background
% Structure formation

Enormous endeavour to
detect dark matter

' 1
1 1
1 1
1 1
; :
! 1
: :
! 1
: :
! 1
; :
! 1
: :
! 1
1 1
' [ Milky Way @home ] [ Lattanzi & Valle (PRL'07)] ,
! 1.6 T T T T 1
: Galaxy Rotation Curve Angular scale ,
. Credit: Matthew Newby, Milkyway@home 90° 45° 10° 5° 2° 1° 05° 02° !
1 14 B 7 6000 T I I I ' - !
; Standard ACDM —— "
: DDM lifetime decreases — — — '
' 1.2y Observed 5000 }| DDM to baryon ratio increases -------- .
: —_ WMAP3yr data —+— '
s 1.0
TR =. 4000 | :
. % Dark Matter B .
s B NN ST
oS08 N N e [\ :
> ~ 3000 | '
] © S 1
1 b~ O 1
1 2 06 S o Expected —_ .
1 O s — 2000 } :
1 . e S~ '_" 1
' 04r , .7 I Tt~ 8 — 1
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1 cS T e T T T s 1
1 L T e ™ I
" 02 Bulge (light) 0 :
1 ,- L L L '
: 0ok . . , , . . . 1 10 100 1000 !
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]
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------------------------------------------------------------------------------------------------------------

: 4 Dark matter is searched for directly, indirectly and at colliders
. % This huge experimental effort offers a strategy to constrain models ;
: 4 Complementary between colliders and cosmology :

% Dark matter relic abundance must be reproduced
**Dark matter direct/indirect detection constraints

< Direct production at (hadron) colliders
(or from the decay of heavier states)
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. “*Unknown partonic centre-of-mass energy Vs

5 * Larger Vs > heavier new particles

. < Unknown longitudinal momenta

: * Use of quantities invariant under longitudinal boosts (pr, etc.)

------------------------------------------------------------------------------------------------------------

A L L L R
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. “*Unknown partonic centre-of-mass energy Vs

5 * Larger Vs > heavier new particles

. < Unknown longitudinal momenta

: * Use of quantities invariant under longitudinal boosts (pr, etc.)

------------------------------------------------------------------------------------------------------------

A L L L R

------------------------------------------------------------------------------------------------------------

*

4 Energy-momentum conservation (in the transverse plane)
< The initial-state total transverse momentum is zero Pr
> the final-state total pt is zero
“*Invisible particles (DM in particular) = missing momentum
* Weakly interacting and neutral > detector is transparent
* Presence inferred from momentum imbalance Pr=- 2 pr

visible
Er=Ipll=|—- > pr

visible
“*Beware: MET # DM

* MET could originate from neutral long-lived states, or even neutrinos

O O E E W E O O M O W O O W W O O M M O W
N m Em EEEEEEEEEEEEEEEEE NN E NN EE&NN BB N B &N E®BE&E P

------------------------------------------------------------------------------------------------------------
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. “*Unknown partonic centre-of-mass energy Vs

5 * Larger Vs > heavier new particles

. < Unknown longitudinal momenta

: * Use of quantities invariant under longitudinal boosts (pr, etc.)

------------------------------------------------------------------------------------------------------------

A L L L R

------------------------------------------------------------------------------------------------------------

4 Energy-momentum conservation (in the transverse plane)
< The initial-state total transverse momentum is zero Pr
> the final-state total pt is zero
“*Invisible particles (DM in particular) = missing momentum
* Weakly interacting and neutral > detector is transparent
* Presence inferred from momentum imbalance Pr=- 2 pr

visible
Er=Ipll=|—- > pr

visible
“*Beware: MET # DM

* MET could originate from neutral long-lived states, or even neutrinos
* DM may not yield large MET (if light or from a compressed spectrum)

W OE BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M B B M W g,

How to detect missing energy?
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----------------------------------------------------------------------------------------------------------

E* Missing transverse energy detection 40 years ago .
. % This neither new nor typical of modern colliders 5
. **W-boson discovery in 1983 (with 6 events) > My =81+ 5 GeV 5
; 500 1000 1500 o GeV ‘ : ‘ ' E
: 1 L EVENTS WITHOUT JETS p :
: : § d :
1 v /7 :
: - 1 v o t 4 ;
1 ~ [/ : 4 :
3 Z, % | A :
! < 6 events - R i
! § containing a _ /*
s o hard lepton | 4 ; Visible vs
;53 e E missing pr | :
: | e - 30 10 Gev E
: 1 H H H Events/2GeV 3 [ :
: i, It § r :
. 15 30 40 (GeV) 5 i @ ]
' E?ls “-' Oo {0 L0 Gev .
E Missing transverse energy Transverse electron energy {(CeV) :
E [ UAI Collaboration (PLB83) ] E
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------------------------------------------------------------------------------------------------------------

yd -

4 Missing transverse energy detection 40 years ago
*Jets and missing energy in UAI

“*Not called DM-related at that time
**No SM explanation ~ W+jets (in orange) , invisible Z+jets, etc.

: Aty (GeV) E
. 0 2 30 L0 50 60 70 :
1 T T T T T : h :
E Background from ' UA 1 :
. jet fluctuations A :
. ~ Single jets :
; E 20} 1 :
: Cos A - 0! . :
: S °> 2% 771 6 events with :
: S large MET E
: £ and one jet :
] & 101 . .
1 > I
1 Ll l \ :
. 8 ) :
: 0 L{L--— I n ' a) :
: 0 3000 4000 5000 :
: (AE, )2 (GeV?) [ UAI Collaboration (PLB'84) ] E
I 1
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----------------------------------------------------------------------------------------------------------

+ Missing transverse energy at the LHC: 40 years fast forward
* Searching for a signal with a lot of missing energy
% The missing momentum recoils against visible objects

59.7 fo' (13 TeV)
LI I T 1T TT

(T | I I | L I | L L | LI T
E CMS + Data I:l Z(vv)+jets
" Mono-V (high-purity) Dw (V) +jets .ww 72wz ]

= 2018
3 D Top quark D QCD

- _
+«— | DM should| ;

¥ be here | ]

3 L

—
o
@)

sl

Events / GeV
2

—y
o

—
T T

—
<

—

o
S
T

i
|

Post-fit -4 Pre-fit ——

lllllllllllllllllllllll[
IIIIIIIIIIIIIIIIIIIIIIII

[esNen} — -k

Missing pr

(Data-Pred.) Data / Pred.

o
N O

II|IlllllIIII]lIllIIIllllIIIIIIIIlIII
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Large MET pree (GeV)

[ CMS-EXO-20-004 ]
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------------------------------------------------------------------------------------------------------------

;4> Dark matter signatures E
< Missing transverse energy (carried away by the DM particles)
. Visible stuff (triggers, handles for background rejection, etc.)
5‘ * Which visible stuff? ’5
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------------------------------------------------------------------------------------------------------------

;4 Dark matter signatures
< Missing transverse energy (carried away by the DM particles)
< Visible stuff (triggers, handles for background rejection, etc.)
* Which visible stuff?

> anything (be pragmatic)

Mono-photon Mono-W/Z Mono-top Mono-Higgs

------------------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------

4

/4> Dark matter signatures
< Missing transverse energy (carried away by the DM particles)
< Visible stuff (triggers, handles for background rejection, etc.)
* Which visible stuff?

> anything (be pragmatic)

Mono-jet Mono-photon Mono-W/Z Mono-top

“*More complicated signals also considered
* Multi-jets and missing energy
* Multiple leptons, jets and missing energy
* Top-antitop pair and missing energy
* etc.

Summary

----------------------
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------------------------------------------------------------------------------------------------------------

*

4 The mono-X (DM) story is almost 20 years old

* The problem was to trigger on DM signals ~ need for a visible object
“* Introduced first as mono-photons in lepton collisions [ Birkedal, Matchev & Perelstein (PRD'04) ]
* Extension to mono-jets in hadron collisions [ Feng, Su & Takayama (PRL'06) ]

-------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

*

4 The mono-X (DM) story is almost 20 years old

* The problem was to trigger on DM signals ~ need for a visible object
“*Introduced first as mono-photons in lepton collisions [ Birkedal, Matchev & Perelstein (PRD04) ]

---EEmEE e mmm P

T EmE EEEEEEEEEE,,

* Extension to mono-jets in hadron collisions [ Feng, Su & Takayama (PRL'06) ]
. 4> Colliders meet direct detection ol ‘;
i *#Applied to the LEP and Tevatron case T :
. *#Limits set in the same parameter space 5; o :
:  “*Light DM becomes accessible through g :
: mono-jets and mono-photons 1077, :
E [ Bai, Fox & Harnik (lHEP‘lo)] ol 05 10 50 100 50.0 100.0 E
1 [ Fox, Harnik, Kopp & Tsai (PRD"11)] my (GeV) :

------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

*

4 The mono-X (DM) story is almost 20 years old

* The problem was to trigger on DM signals ~ need for a visible object
“* Introduced first as mono-photons in lepton collisions [ Birkedal, Matchev & Perelstein (PRD'04) ]
* Extension to mono-jets in hadron collisions [ Feng, Su & Takayama (PRL'06) ]

-------------------------------------------------------------------------------------------------------------

---EEmEE e mmm P

T EmE EEEEEEEEEE,,

------------------------------------------------------------------------------------------------------------

4 Colliders meet direct detection

4

.« Applied to the LEP and Tevatron case o
. «<Limits set in the same parameter space 5; o
% Light DM becomes accessible through g o
mono-jets and mono-photons 1077,
[ Bai, Fox & Harnik (JHEP'10) ] o 05 10 50 100 500 1000
+ [ Fox, Harnik, Kopp & Tsai (PRD"11) ] - my (GeV) - 'E

4 Towards the modern epoch

“*New dark signals: mono-top, mono-Z, mono-lepton & mono-Higgs
[ Andrea, BF & Maltoni (PRD'I1); Bell, Dent, Galea, Jacques, Krauss & Weiler (PRD 12); Bai & Tait (PLB 13); Petrov & Shepherd (PLB’14) ]

“* First experimental studies: CDF, and then ATLAS/CMS

omEEE EEEEE=---,
B
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*A typical LHC dark matter search strategy ;
; < Requirement of a significant amount of missing transverse energy

< Requirement of a significantly hard visible object (jet, di-lepton pair, photon, etc.)

. Extra constraints (angular correlations, vetoes, etc.) to reduce the backgrounds

{ <+ Cut and count and looking for excess over the backgrounds ’

-------------------------------------------------------------------------------------------------------------
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Y4 -

4 A typical LHC dark matter search strategy
< Requirement of a significant amount of missing transverse energy
< Requirement of a significantly hard visible object (jet, di-lepton pair, photon, etc.)
< Extra constraints (angular correlations, vetoes, etc.) to reduce the backgrounds
< Cut and count and looking for excess over the backgrounds

------------------------------------------------------------------------------------------------------------

B .
R T T,

------------------------------------------------------------------------------------------------------------

;' . 35.9 b (13 TeV) ‘
: 4> Backgrounds - the mono-jet case > 10T T T T T T T T T T T TS :
. . O, s CMS A ] :
. **Invisible Z decays 2 [ monojet T :
: ~ irreducible backgrounds g " — - 1 :
; . L 10° B wwwzzz E | ;
: %W decays with a lost lepton - B oo DEAS. :
] I Zy(), y+iets E | :
: ~ not very frequent but large (total) rate o ] oo i 5
. *®#Mis-measurements in multi-jet production h 5
5 ~ rare, but huge QCD total rate 10" —d E
: H M 107 ca Ly | :
: ~ steeply falling with the MET value w0 0 80 1000 1200 1400 |
: P [GeV] 5
E [ CMS-EXO-16-048 ] .
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An EFT
interpretation
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y -

4 No mono-X excess wrt the SM background

*Limits can be set on DM and its properties
> in the same plane as for direct detection

107

o, (DM-nucleon) [cm?]

Dijet

107%
107°
10°*
s pand2®
107

107

pu Vector mediator, Dirac DM
10° g ,=0259=0g =1
ATLAS limits at 95% CL, direct detection limits at 90% CL
1 1

10—48 1
1 10 10° 10°

DM Mass [GeV]
[ ATLAS-EXOT-2017-32 ]

- W M M M M M M M M M M M M M M M M M M M M M M M M M M M M W W oW o
N mmm m EmE EE W W W W NN M W W N N MM MW N W W MM EEEEEEEEEEES

;4 Direct detection in a nutshell (see H. Araujo’s lectures for details)
i % Cross sections < nucleon-DM couplings < nucleon-quark/gluon couplings 5
. % Effective field theory approach
] * LHC constraints on the effective couplings and scale E

------------------------------------------------------------------------------------------------------------
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<4 Effective field theory to model DM-nucleon interactions
L,=fn XxXNN or Ly=fy ¢°NN or Lx=fy X, X'NN
Majorana DM Real scalar DM Real vector DM

O E OE W W OE W W W W N W W EOE O m g,
T EEEEEEEEEEEEEEE ...

% fn originates from nucleon matrix elements and the underlying new physics

------------------------------------------------------------------------------------------------------------
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. 4 Effective field theory to model DM-nucleon interactions
i EX:fN )ZXNN or £¢:fN ¢2NN or »CX:fN XMX'MNN i
Majorana DM Real scalar DM Real vector DM
% fn originates from nucleon matrix elements and the underlying new physics
. 4 Ingredients in the DM-nucleon scattering cross section (through fi) :

(1) Nucleon matrix elements
(2) Effective interactions between dark matter and quarks/gluons
~ EFT-derivation from the initial particle physics model

% Connection of the direct detection cross section to the physics parameters
[ Drees & Nojiri (PRD 93); Hisano, Nagai & Nagata (JHEP'15) ] E

------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

¢
’

. 4 Effective field theory to model DM-nucleon interactions
L,=fn XxXNN or Ly=fy ¢°NN or Lx=fy X, X'NN
Majorana DM Real scalar DM Real vector DM

% fn originates from nucleon matrix elements and the underlying new physics

------------------------------------------------------------------------------------------------------------

P e R i iR R el R i T T R el R R

. 4 Ingredients in the DM-nucleon scattering cross section (through fv)
. (1 Nucleon matrix elements
(2) Effective interactions between dark matter and quarks/gluons
~ EFT-derivation from the initial particle physics model

% Connection of the direct detection cross section to the physics parameters
[ Drees & Nojiri (PRD 93); Hisano, Nagai & Nagata (JHEP'15) ] E

------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

: 4 LHC constraints on the underlying physics models :
~ Translation in terms of the effective theory parameters
. ~Translation in terms of the direct detection cross section :
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L4 .

4 Effective field theory to model DM-nucleon interactions
L,=fNv XxNN or Ly=fn ¢ ’NN or Lx=fy X, X'NN

sEEEEEEEEEE ===,

% fn originates from nucleon matrix elements and the underlying new physics

------------------------------------------------------------------------------------------------------------
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* Effective field theory to model DM-nucleon interactions
= fn XXNN or Ly=fn gb NN or Lx = fn XMX“NN

% fn originates from nucleon matrix elements and the underlying new physics

-------------------------------------------------------------------------------------------------------------

‘--------

------------------------------------------------------------------------------------------------------------

:'§ The nucleon matrix elements: expectation values of quark/gluon bilinears
. (N mgaq IN), (N|= —Gu G IN), (NI qyusq IN), s
. Obtained from lattice calculations, momentum tensor, parton densities :

-------------------------------------------------------------------------------------------------------------
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f* Effective field theory to model DM-nucleon interactions
. Lo=fn XXNN  or  Ly,=fn NN  or Lx=fy X, X'NN

% fn originates from nucleon matrix elements and the underlying new physics

-------------------------------------------------------------------------------------------------------------

P -

------------------------------------------------------------------------------------------------------------

:'§ The nucleon matrix elements: expectation values of quark/gluon bilinears
. (N mgaq IN), (N|= —Gu G IN), (NI qyusq IN), s
. %*Obtained from lattice calculations, momentum tensor, parton densities :
;'§ Connection with the UV:Wilson coefficients k
. *Integration out of heavy UV states ~ DM-quark/gluon effective interactions :
; C;% B B Cq B .
5 Lerrx = 3 [Xx] [mqda] + A2 Y [vuvsd] [@7"sq] + - - 5
: Cg CY « " The Wilson coefficients
: Lorrs = 159 [medd] + E ? GG+ depend on the UV physics :
. Cq L C% as » :
: LErT X = A2 [X X quQQ] + A2 [ ] [GWG ] :
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-

4 Constraints from both directions

Dark matter DM EFT

. . UV model
I = DN (with heavy states)

cross section LErT = A2 O(q, g9, DM) Yy

< Direct detection constraints translated into bounds on the UV parameters
“*LHC bounds on the UV model translated into bounds on C /A2 (and DD rates)

------------------------------------------------------------------------------------------------------------
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Dark Matter @ Colliders Benjamin Fuks - 08.09.2021 - 35



Collider simulations Dark matter at colliders Interpretations Summary

4 Constraints from both directions

Dark matter DM EFT

. . UV model
I = DN (with heavy states)

cross section Lypr = A2 O(q, g9, DM) Yy

< Direct detection constraints translated into bounds on the UV parameters
“*LHC bounds on the UV model translated into bounds on C /A2 (and DD rates)

------------------------------------------------------------------------------------------------------------

o O B OE O W W O W W N NN W W W W EEm g,
N EEEEEEEEEEEEEEEE ..

----------------------------------------------------------------------------------------------------------

"4 lllustration of the complementarity
* Top-philic scalar DM from direct detection to bounds on the UV model
“* Direct detection bounds from mono-photon searches at the LHC (run 1)

10742 10!
—== neutrino floor
Xe 1T reach

Xe 1T exclusion

¢« max. Wilson coeff. I ~ SMS (Monoleplon & =

N E W M O B M O B I W S M N S N N N NN S NN NN NN EEEEEEEEENSS®SEm®
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"

' 10744 - .

1
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1 o —

" S !

' O 1074 100 ¢

] b =

1 Ba F IS

: S) . ||

D . L L

. 1070 g R

1

1 - -
x

1

' 1 I ~ Spin Independent, Vector Operato('r(Y l')(?(”q)

! 10730 4 T T ————— : 10-1 A

: 200 500 1000 2000 3000 1 1 1 L1 ‘I10 1 11 1I102 1 L1l Il1l03

. [ Cornell, Deandrea, Flacke, BF & Mason (JHEP 21) ] [ CMS-EXO-12-047 ] X [ e ]
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* Using an EFT ":
*# Integration out of heavy UV states ~ relating UV parameters to the EFT scale A
< Example: s-channel axial-vector mediator Y coupling to a dark matter X

o

gsm =
gx

X' X qyuvsq  with = =

= Q)
>
3
|~<

------------------------------------------------------------------------------------------------------------
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¢ )

: 4> Using an EFT
*Integration out of heavy UV states ~ relating UV parameters to the EFT scale A
< Example: s-channel axial-vector mediator Y coupling to a dark matter X

o

gsm =
gx

Xytvs X qv,v5q  with  — = ———

- o m o W W WM OE W OEEEEEEEEES
R L L L L R N R N

------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

L 20— 4 An ill-defined interpretation :
5  too large \ | < my is fixed for the EFT to be valid :
L 15 Thcry i on- 1 ~ my >> typical LHC momentum transfer 5
' rturbati ’ ] . . . . . . '
R R ; *Derivation of minimum couplings (red line)
2 0] ' ~ from LHC run | mono-jet searches 5
1 ) 1
: | < The mediator is not even a particle (I"> my)
sl * Large (not extreme) widths interesting too :
, - EFT limit applies T L. . '
: % Perturbativity issues for mx > 800 GeV :
AN A * Predictions unreliable, new techniques needed |
5 10 100 1000 5
: mx [GeV] :
. [ Buchmueller, Dolan & McCabe (JHEP 14) ] ,
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¢ )

: 4> Using an EFT
*Integration out of heavy UV states ~ relating UV parameters to the EFT scale A
< Example: s-channel axial-vector mediator Y coupling to a dark matter X

gt = ~— XX qyuysq with S = ——

R L L L L R N R N

X}

------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

L 20— 4 An ill-defined interpretation :
5  too large \ | < my is fixed for the EFT to be valid :
L 15 Thcry i on- 1 ~ my >> typical LHC momentum transfer 5
' rturbati ’ ] . . . . . . '
R R ; *Derivation of minimum couplings (red line)
2 0] ' ~ from LHC run | mono-jet searches 5
1 ) 1
: | < The mediator is not even a particle (I"> my)
sl * Large (not extreme) widths interesting too :
, - EFT limit applies T L. . '
: % Perturbativity issues for mx > 800 GeV :
AN A * Predictions unreliable, new techniques needed |
5 10 100 1000 5
E mx [GeV] ‘ Constraints on baroque setups :
. [ Buchmueller, Dolan & McCabe (JHEP 14) ] b
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Dark Matter
simplified models

The s-channel case
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4 Resolution of the EFT interactions in a minimal way
< Simplified models as a tool for generic DM search interpretations
% Sizeable LHC rates, few assumptions on the model
A small number of free parameters

o EEEEEEEEEEEEEE SRR R EE R R R R . R e e

------------------------------------------------------------------------------------------------------------
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T M M M M M E EEEEEEEEEEEEEEEEEEEEE R R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE SRR RS SRR EEE SRR EE SRR RS SRR RS R SRR RS SRR R = e e ey

4 Resolution of the EFT interactions in a minimal way
< Simplified models as a tool for generic DM search interpretations
% Sizeable LHC rates, few assumptions on the model
A small number of free parameters

o EEEEEEEEEEEEEE SRR R EE R R R R . R e e

------------------------------------------------------------------------------------------------------------

Tm M MMM EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE SRR RS R R RS R R RS R R RS R RS R R R R RS R R R R R E ey

4 Generic simplified models for dark matter @ LHC
% Minimality: SM + | DM candidate + | mediator (coupling to quarks and gluons)

* Lack non-minimal features (multiple mediators, multi-component DM, etc.)
* Beware: non-minimality can change the picture

------------------------------------------------------------------------------------------------------------

L R

* Representative of different theoretically-motivated new physics scenarios

Dark Matter @ Colliders Benjamin Fuks - 08.09.2021 - 38



Collider simulations Dark matter at colliders Interpretations Summary

< DM (X) is stable
~ Odd under some Z; discrete symmetry
~ SM states even under the same symmetry

< The mediator (Y) connects DM to quarks/gluons

* />-even: s-channel models ~ colour singlet and electrically neutral
* /3-odd: t-channel models ~ colour triplet and electrically charged

— — [ Arina, BF & Mantani (EPJC 20) ]

[ Backovié¢, Kramer, Maltoni, Martini, Mawatari & Pellen (EPJC’15) ]

------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

4 Basic properties of the simplified DM models

< DM (X) is stable
~ Odd under some Z; discrete symmetry
~ SM states even under the same symmetry

< The mediator (Y) connects DM to quarks/gluons

* />-even: s-channel models ~ colour singlet and electrically neutral

[ Backovié¢, Kramer, Maltoni, Martini, Mawatari & Pellen (EPJC’15) ]

------------------------------------------------------------------------------------------------------------

* /3-odd: t-channel models ~ colour triplet and electrically charged :
[ Arina, BF & Mantani (EPJC'20) ] E

’

------------------------------------------------------------------------------------------------------------

4 Free parameters
<2 spins: Jx, Jy

% O(10) masses
* | DM mass: mx
* Several mediators (coupling to different SM generations)

O E OE W W OE W W W NN W W E O g,
N EmEEEEEEEEEEEEEEEE .
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Collider simulations

4 Simplified models < richer phenomenology than expected

DOCTOO———

Dark matter at colliders

V4

£ my > 2mx

1 T “OOCTO0

: S Mono-X
. ‘/> ----- my > 2mX

: TOCTOU

: vl my > 2my

E no ET 'or.:f:r:om—

- / , Y searches
: Do my > 2my

: m/‘ AN

: > <f\[ my < 2mx, 2m;

E L — T

------------------------------------------------------------------------------------------------------------

Interpretations Summary

< Two classes of processes
* With missing energy (mono-X)

- E E O EE W EEEEEEm P

* Without missing energy (mediator):
*Tree-level / loop-induced processes:
% Heavy flavour may play a role

e EmmEmEEE-E-------

Dark Matter @ Colliders
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4 Simplified models < richer phenomenology than expected

br e e Mono-X < Two classes of processes

‘* “““ < my >2mx * With missing energy (mono-X)

m * Without missing energy (mediator)i

no F : \_ Y > 2 * Tree-level / loop-induced processes:
) W> ------ < my > 2my ¥'searches < Heavy flavour may play a role

AN /
> <ﬁ[ my < 2mx,2m;

R R R R R I B I BN

e EmmEmEEE-E-------

. 4 Complementary DM model probes at colliders
. % With DM searches
< Through resonance searches
. <*Several ways to constrain the parameter space (at the LHC)

------------------------------------------------------------------------------------------------------------
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4 A simplified model for top-philic dark matter t
< A dark sector with a fermionic dark matter candidate X Y X

% A (scalar) mediator Y linking dark matter and the top .< X

* MFV = fermion-Y couplings proportional to the SM Yukawas t

-------------------------------------------------------------------------------------------------------------
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4 A simplified model for top-philic dark matter t
< A dark sector with a fermionic dark matter candidate X Y X

% A (scalar) mediator Y linking dark matter and the top .< X

* MFV = fermion-Y couplings proportional to the SM Yukawas t

-------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

**Masses

*x | GeV <my<5TeV
*x | GeV <mx<|1TeV

* Perturbative couplings: 0.0l < gx,g:<2rx

**Flat likelihood functions in all dimensions
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4

o T M N M M N M M BN BN M RN BN BN BN BN BN BN BN BN B BN BN BN M BN B M M BN M M M M W O W W W W

Dark Matter @ Colliders

Dark matter at colliders

** Mediator masses of 100-600 GeV

*my<2m:ormy>2m

“*Large sets of DM masses
* my < mx or my > mx
* my < mx or mg > mx

‘m‘_X [GeV]

10

Interpretations

-« . All points ROCERRG 41.00
&®¢ Excluded points (95% CL) KRS
; AR ‘ 40.75
o%"
mx =My B * '
------- - E W Om W Emom - e - o i
. R X 40.50
'l Yo &
2 0.25
L L R D 9 :
I? Q%O .
P AR ‘P
¢ PR A 10 - 10.00
’ ’ o O -
) *"-l_ ¢ o =
‘-\(\.' ’ 1 - =
7, ! % ¢ 4 -0.25
& ’ ¢ 0 : > -
o . % o = = —050
4 £ L 4 o 0 1 29 | .
4, ANEX 4 ” —
¢ Ve 29 Ol
4 AR O =
7 * & 1 B -0.75
. "\\v&i' ¢ "
1 L4 <> 1
il . . 1 . -
T 5 1.00
10 10 10
my [GeV]
— L

N W B O B M O S B M S B W O M M M M M M N M M NN N NN NN N EEEEEmm P

Summary
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. 4 Points excluded by run | data - Alpoints T oo
. % Mediator masses of 100-600 GeV e o5 o
*Xmy<2miormy>2me  |eeeeeeeaaad mzTRE ,* ] Hose E
. «*Large sets of DM masses S | s ||
* my < mx or my > mx § 0.00 %
* m; < mx or m; > mx < _OZSED :
. 4 Mono-jet / tt+MET e .
. klarge MET at the LHC 57 .
: * DarkY decays open 7 A , :
* Y decays in tops closed — I BRI
. %O(10) g: couplings excluded 1OV —

Dark Matter @ Colliders Benjamin Fuks - 08.09.2021 - 42


https://doi.org/10.1007/JHEP11(2016)111

Collider simulations Dark matter at colliders Interpretations Summary

. 4 Points excluded by run | data - Al points S | | Jro
: . #%¢ Excluded points (35% CL) RRSEMIER £, :
. “*Mediator masses of 100-600 GeV ~ Tt b | s
E *mY < 2 mt or mY S 2 mt --------- 1.”: F:-'rlit_ Lt "}‘j})' _"" : ‘ lo.50 E
. <*lLarge sets of DM masses =~ L | 025 ~
* my < mx or my > mx § 000%
1 . = ' CD 1
: * m: < mx or my > mx < "
: _ — | -
: 4 Mono-jet / tt+MET |« -
. %*Large MET at the LHC o N
: * DarkY decays open 7 | :
' s ESSS m— e — -1.00 ,
: * Y decays in tops closed — o v 10° :
' . my | Ge :
1 %*O(10) g: couplings excluded — — ;
. 4 tt/tttt production :
. %Y decays in tops open and dominant T :
: . ) :
. %O(l) g: couplings excluded A :
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** Mediator masses of 100-600 GeV

*my<2m:ormy>2m

“*Large sets of DM masses
* my < mx or my > mx
* my < mx or mg > mx

4 Mono-jet / tt+MET

“*Large MET at the LHC o

* Dark Y decays open
* Y decays in tops closed —_——

% O(10) g: couplings excluded

‘m‘_X [GeV]

BOCCO0 —mm—

RV

4 tt/tttt production
<Y decays in tops open and dominant T Y,
+O(l) g: couplings excluded 2N

N m m m Em o E E W M O W M M O S B BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN N BN BN BN BN BN M M M M M M Em m P

<Y decays in tops DM closed j ‘(W
“O(0.1) gt couplings excluded “
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*my<2m:ormy>2m

“*Large sets of DM masses
* my < mx or my > mx
* my < mx or mg > mx

4 Mono-jet / tt+MET

% Large MET at the LHC

* Dark Y decays open
* Y decays in tops closed

4 tt/tttt production

% O(1) g: couplings excluded

Dark Matter @ Colliders

Dark matter at colliders

** Mediator masses of 100-600 GeV

BOCCO0 —mm—

% O(10) g: couplings excluded

%Y decays in tops open and dominant

%Y decays in tops DM closed
% O(0.1) g: couplings excluded

Interpretations

‘m‘_X [GeV]

P
A
\
AN /
\, /
» <
! N,
/ N\,
/ \,
(o;0]00d Ra¥aV
P——

RV

Large complementarity
between all LHC searches
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------------------------------------------------------------------------------------------------------------

L4 )

4 Several key aspects behind the previous results
¢ Simulations at the NLO-QCD accuracy ~ precision predictions

% Recasting with public tools
% Many ATLAS and CMS searches for new physics
% Interpretation within popular frameworks and simplified models

o™ T W M M EEEEEEEEEEE S ===,

% Need for interpretations in all kind of models

-------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

L4 )

4 Several key aspects behind the previous results
¢ Simulations at the NLO-QCD accuracy ~ precision predictions

% Recasting with public tools
% Many ATLAS and CMS searches for new physics
% Interpretation within popular frameworks and simplified models

o™ T W M M EEEEEEEEEEE S ===,

% Need for interpretations in all kind of models

-------------------------------------------------------------------------------------------------------------

A (not too) technical interlude
on NLO simulations
& LHC recasting
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Interlude |

NLO simulations
in a nutshell
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------------------------------------------------------------------------------------------------------------

L4 )

4 Dissecting an NLO calculation in QCD

% Three ingredients: the Born, virtual loop and real emission contributions

ONLO = / d*®,B + / d*®,, / Ay + / d*®,1 R
loop

Virtuals: one extra power Reals: one extra power
of as and divergent of as and divergent

Born

S O OE M S W M S W M S W M S M M S M M S M M M O M M M M M M M M M M MM M MW W,
N m m E E W E NN N N N NN N NN N N N N NN N NN NN NN ENNENNNS®S®§N BB &N&NE&EEEE =S

------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

4 Dimensional regularisation: calculations in d = 4 - 2& dimensions
% Divergences explicit (1/&2, |/¢)
< Reduction of tensor loop-integrals to scalar integrals

4 Reduction performed in d dimensions
“* Numerical methods in 4 dimensions ~ R and R, terms

~

/ddg_ N ) with 0 = 0+ ¢
DoD1 -+ Dp—1 ¥

D-dim 4-dim (-28)-dim [ Ossola, Papadopoulos & Pittau (NPB’07) ] .
[ Ossola, Papadopoulos & Pittau (JHEP’08) ]/

------------------------------------------------------------------------------------------------------------

- W O N W W N N W NN NN NN NN EEEEm®

ST Em E EEEEEEEEEEEEEEEEEEEEEEEEEm
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------------------------------------------------------------------------------------------------------------

;4 Dimensional regularisation: calculations in d = 4 - 2& dimensions )
. % Divergences explicit (1/&2, |/¢)
< Reduction of tensor loop-integrals to scalar integrals 5
. 4 Reduction performed in d dimensions :
: ** Numerical methods in 4 dimensions ~ R and R; terms 5
E N(¢, ¢ 5 5 i
; /ddf__(’2 with £ =0 4+ ¢ :
: DoD1 -+ Dy e | ;
' D-dim 4-dim (-28)-dim [ Ossola, Papadopoulos & Pittau (NPB’07)]:
'\ F— [ Ossola, Papadopoulos & Pittau (JHEP’08) ],
. 4 R, terms originate from denominators
i L_1/(,.6N o 5 . ehi e E
: ==—|1-= eneric non-vanishing integrals :
5 DD D g g Integ :

------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

" 4 Dimensional regularisation: calculations in d = 4 - 2& dimensions
% Divergences explicit (1/&2, |/¢)
< Reduction of tensor loop-integrals to scalar integrals

4 Reduction performed in d dimensions
“* Numerical methods in 4 dimensions ~ R and R, terms

/ddg_ N ) with 0 = 0+ ¢
DoD1 -+ Dp—1 ¥

D-dim 4-dim (-2€)-dim [ Ossola, Papadopoulos & Pittau (NPB’07) ] s

- OO O W OE NN W N N W N E W NN NN EEEEEENE®

‘---------------

. F— [ Ossola, Papadopoulos & Pittau (JHEP’08) ],
. 4 R, terms originate from denominators 5
5 L1 BY L 3 genen hing integral E
: = =—|1-= eneric non-vanishing integrals :
; D D\ D & 5 18 ;
5 4 R, terms originate from numerators :
E ¢ Process-dependent contributions proportional to ¢° :
. ** Renormalisable theory: finite number of R;'s ~ Rz Feynman rules :
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------------------------------------------------------------------------------------------------------------

. 4 Subtracting the poles

% The structure of the poles is known > subtraction methods

: ONLO = /d4<I>n B+/d4<1>n+1 [R—C] +/d4<1>n[/ d4y V+/dd<1>1€]
. loop

* ¢ subtracted from the reals ~ finite
* ¢ integrated and added back to the virtuals ~ finite

* Integrals can be calculated numerically (and in 4D)

------------------------------------------------------------------------------------------------------------

M E W E E W N E NN EEEEEEEEEENSESSS®Em®

------------------------------------------------------------------------------------------------------------

{ 4 Choice of the subtraction terms k
. *® Must match the infrared structure of the real :
i« Should be integrable over the one-body phase space conveniently (cf. virtuals) :

------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

* Example: FKS SUth"aCtlon [ Frixione, Kunszt, Signer (NPB’96) T,
< Decomposition ~ at most one singularity per term ~ regulators

*

* Sji— | if the partons i and j are collinear
n n+1 . . o
do("tl) = Z&jdagj 1) * Sjj— | if the parton i is soft
i * Sjj—0 for all other infrared limits

sEEEEEEEE S SRS E SR E .=y

-------------------------------------------------------------------------------------------------------------
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------------------------------------------------------------------------------------------------------------

* Example: FKS Subtractlon [ Frixione, Kunszt, Signer (NPB’96)]‘:
< Decomposition ~ at most one singularity per term ~ regulators

* Sji— | if the partons i and j are collinear
n n+1 . . o
dot" ) = Z&gd ey * Sjj— | if the parton i is soft
) * Sjj—0 for all other infrared limits

sEEEEEEEE S SRS E SR E .=y

-------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

4 Regulators: events and counter-events

Controls the ¢ = E; \f Controls the
soft pieces collinear pieces

1 1 /
g] C [1 — ] 5&'3‘ (&> yij)d&i dyiy /y Event /P Cou\nt;r-event

Yij = COS Qij

dagLJrl) — [

Emax +1
= /0 d&/ dyz‘jg(l i ) [@'L] (&, 9ij ) Sij (€6, 1)O(ys; — 1 +9))

—1

’
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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------------------------------------------------------------------------------------------------------------

4 Parton shower

% Evolution of hard partons to more realistic final states made of hadrons
* Fully exclusive description of the events

** Resummation of the soft-collinear QCD radiation
* Cures various fixed-order instabilities (unweighting, peak-dip structures, etc.)

------------------------------------------------------------------------------------------------------------

L4

- emem Emmommomom
L
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------------------------------------------------------------------------------------------------------------

L4

. 4 Parton shower :
% Evolution of hard partons to more realistic final states made of hadrons 5
: * Fully exclusive description of the events E
: < Resummation of the soft-collinear QCD radiation :
3 * Cures various fixed-order instabilities (unweighting, peak-dip structures, etc.) ',:
. 4 Matching with parton showers
E Parton showers
: > 5
E Born and virtuals >’VWV Z:VW :ng ... 5
: Reals z/mm :gwy
i < Two sources of double counting 5
: * Radiation: reals vs. shower :
' * No radiation: virtuals vs. no-emission probability .
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N 4 “l A . a A Y a

[ Frixione, Webber (JHEP’02); Alwall, Frederix, Frixione, Hirschi, Mattelaer, Shao, Stelzer, Torrielli & Zaro (JHEP’14) ]

4 Inclusion of Monte Carlo counterterms
* Simultaneous usage of FKS and MC counterterms

ONLO = /d4<I>n [B+ (/ dde V+/dd<blc) + /d4<I>1(MC C>]I§?3: +/d4‘1’n+1 [RMC]I%U
loop

S-events H-events

% Definition: MC counterterms match the reals in the IR
* Same kinematics: no need for reshuffling (as for fixed order) ~ exact cancellation
* Weights for the n and n+| components bounded from above ~ unweighting possible

< Smooth transition between the hard and soft-collinear regions
* Soft-collinear: R ~ MC ~ shower-dominated

: n n+1 ~ _ f gt _ .
* Hard: p10 ~ 0. Iﬁu); ~ 0, Iﬁac ) ~ 1 ~ hard-radiation-dominated
% The MC counterterms are shower-dependent

< Separate generation of the S-events and H-events
~ Negative weights

R L L I R T I T I L L L R T T R
VmmmEm o E EEEE N W NN N S N E M M M M M M M M M S M M M M M M M M M M M M M M M M MM MW EEmmmm
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Idea / Lagrangian 4 Model building: from Lagrangian to tools
**FEYNRULES @& MOGRE & NLOCT ~ UFO @ NLO
l ** General on-shell renormalisation scheme

[ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ; Degrande (CPC’15) ]
FEYN RULES / U Fo [ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]

[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP 19) ]

Matrix 4 Hard scattering
Elements % LO/NLO Feynman diagram, matrix elements

“*MG5aMC ~ colliders at LO/NLO

[ Alwall et al. (JHEP’14) ]

@ T E M M W M M W M M M M M O B M B B M BN BN BN BN N BN BN N BN BN RN BN BN RN BN BN N BN BN N BN BN N BN BN N BN BN N BN BN BN BN BN B M M B M M B M M M W W W W g,
NN BN NN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN SN BN BN SN BN BN BN BN BN BN BN BN BN BN BN SN BN BN SN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B W

Observables
4 BSM phenomenology @ colliders with MG5_aMC
l <* Matching matrix elements with parton showers
[ Alwall et al. (JHEP’14) ]
Phenomenology
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------------------------------------------------------------------------------------------------------------

’ .

4 Collider simulations at the NLO-QCD easily achieved
* All previous results include NLO-QCD corrections :
% Are those relevant for DM @ colliders?
¢ Example: tt+MET at the LHC for gx=g=4

-------------------------------------------------------------------------------------------------------------
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: 4 Collider simulations at the NLO- QCD easily achieved :
i < All previous results include NLO-QCD corrections 5
:  **Are those relevant for DM @ colliders? E
i *Example: tt+MET at the LHC for gx=g:=4 :
: 300————————————r
: All points 20 AII! points E
; + Excluded points (68% CL) . - . Excluded points (68% CL) : : ;
E 250 ° EX‘C|Uded points (95% CL) 777777777777777777777777777777777 250f .+ . Excluded points (95% CL) """"""""" E
200w e e Lo - 5001 SRR SN S A
E ,;, i i i i i ; : : : : : E
: G 1sof T e S Y sob S B S :
E §< : : A 4 : : E l l e g l l E
E 100k i gflececeeencd 100E% :
: 50 :
: % 100 9200 300 400 500 e 66 ——500 :
: my [GeV] my [GeV] :
. [ Arina, Backovic, Conte, BF, Guo, Heisig, Hespel, Kramer, Maltoni, Martini, Mawatari, Pellen & Vryonidou (JHEP’16) ] E
i %*Non-triangular shape of the exclusion: mediator width effects :
i *®Mild K-factors (~ 1.10) & mild impact on the kinematic ~ mild NLO effect...
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[ Arina, Backovic, Conte, BF, Guo, Heisig, Hespel, Kramer, Maltoni, Martini, Mawatari, Pellen & Vryonidou (JHEP’16) ]

-------------------------------------------------------------------------------------------------------------

4

t
(my, mx) oLo [pb] fCLLo [%]’\ onLO [Pb] r¢CLNL0 [WF X
I (150, 25) GeV  0.6587355% | 98.749.°% 1 0.773%8'% | 95.0127% o . <
II  (40,30) GeV  0.7767332% | 74.77197% 10.9267° 7% | 84.2F04% X
IIT (240, 100) GeV ~ 0.187F3777% | 91.61%.2% 1 0.2161%,7% | 86.5155% o0 - t

<At NLO, uncertainties are reduced significantly here
*An excluded point may not be excluded when accounting for uncertainties

** The CLs number can increase / decrease at NLO
*|mpact of the kinematic and the rate

* The error band around the CLs is reduced

- M M M M R M M M M R RN M BN M M BN RN M M M AN M RN M M M M M M
N m m EmEEEEEEEEEEEEEEE NN N SN NN NN NN NN NN NN EEE BB
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Interiude 2

LHC recasting
in a nutshell
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-----------------------------------------------------------------------------------------------------------

4 LHC = discovery machine

* Many ATLAS and CMS searches for new physics
¢ Interpretation within popular frameworks and simplified models (SMS)

NUHM2: m,=5TeV tanf=15,A =-1.6m,m, =1TeV,u>0

E ;500_11IIIIIIIIIIIIIIIIIIHII|||ll|l|||||||l_ 1800CMSPre/lmlnary 137fb1(13TeV)_ E
: & - ATLAS Vs=8TeV,203fb" 7 > op — T, G 15 NNLONNLL g
: o450 - Combined 27, 31, 41 ] S 1600 ‘ exclusion -1z
! 3 - . ~ Observed = 10y, ] 5 :
400 Sem TN E E 1400| 5 Expected = 1and 2 0, o g
; - ™ . : " i 7 S
; i . 1200} 2
' 350 - — B 19 '
1 a n = — -10 1
: : . 10001 Ny 1" S
. 300 S 5 g ; ) 2 :
. —— Observed limit (+1 (‘fhﬁ;) N 800 q/\@ ] g !
L 1 s 1~ T D Expected limit (=1 0gyp) 7 i 7 ] — :
. 250 LEP2 ¥ (1035 GeV) - __&5\\ 3
. — Observed limit 21 e 6001 14022 :
, 200 ——— Observed limit 3/ —x . : j ]
v —— Observed limit 4/ ] 400~ ] o
; All limits at 95% CL J : IR
; 150 200} | o
: 100 L L L L T p—— ———— N 1 I I P e e ;I l:l |E || L | 10_3 :
. 100 150 200 250 300 350 400 450 500 00 800 1000 1200 1400 1600 1800 2000 2200 .
" u [GeV] m§ (GeV) '

4 Need for reinterpretations in all kinds of models
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< Decomposition of all sighatures of a theory into SMS signatures
% Fiducial cross sections are calculated on the basis of public efficiency maps
% Comparisons to published upper bounds are made

------------------------------------------------------------------------------------------------------------
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< Decomposition of all sighatures of a theory into SMS signatures
% Fiducial cross sections are calculated on the basis of public efficiency maps
% Comparisons to published upper bounds are made

------------------------------------------------------------------------------------------------------------

T E E EEEE ST
--EEeEE e EEEEEE =S

------------------------------------------------------------------------------------------------------------

4 Main features
[ Kraml et al. (EPJC’14) ]
................... ¥
U % Extremely fast

saor (moC T A soermental | 5 Often conservative

LHE input .. N Analyses . . .
* Different kinematics

DR : : S . -_ - *Asymmetric decays

eessmsssasnanannnnin L]

Decompose ‘ ‘ ‘ (

Combine Compare
Topologies with
Upper Limits

W M B M M B M M B M BN BN BN BN BN BN BN BN BN BN BN R BN BN R BN BN B BN BN BN BN BN M BN M M B M M M M M W O W W m g,
N m m E E E W E N W N NN N N NN N N NN NN N N NN NN NN N NNNNS§SS®BS&NSSSEm S
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4 Plethora of new physics realisations deserving to be studied

< Experimentalists cannot study all options

< SMS often not sufficient
~ Detector simulator mimicking ATLAS and CMS
~ Framework for LHC analysis re-implementations

------------------------------------------------------------------------------------------------------------
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4 Plethora of new physics realisations deserving to be studied

< Experimentalists cannot study all options

< SMS often not sufficient
~ Detector simulator mimicking ATLAS and CMS
~ Framework for LHC analysis re-implementations

------------------------------------------------------------------------------------------------------------

omEEmE S-S
- E E E EEEEEEEEE=m®

----------------------------------------------------------------------------------------------------------

" 4 Another recasting strategy

l

—_ .
Signal events < 3 options for detector effects
CMS Physics Analysis Summary (STDHEP or HEPMC format) % DELPHES 3

l ~ from particles to tracks/hits

Tuned detector Physics ~ resolutions, efficiencies,

5|mulat|on Analysis
@ W/ Database * Transfer functions
- ~ From the MC particles
S »»E% Re"a“ Se'e“'m‘ I m ~ resolutions, efficiencies, ...

* Unfolding

Numbers ofidata and
background events Limit computat,onl ~ No need for a detector
-

----------------------ﬂ
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. 4 Generic SMS-recast program: SMODELS
i« O(100) available run | and 2 analyses ~ largest library today
* Includes prompt and Iong-lived decays [ Kraml et al. (EP)JC’14; LHEP’20) ] 'E

-------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

oxo CHECKMATE p) [ Derks et al. (CPC'17) ]
% O(50) run | and 2 analyses, including some LLP searches

’x’ MADANALYS|S 5 [ Dumont, BF, Kraml et al. (EPJC"15); Conte & BF (I)]MPA"19) ] '
% O(50) run | and 2 analyses, including | LLP search '5

-------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

5' 4 Transfer functions for the detector simulation
. o3 COLLIDERBIT Balasz et at. EPjc17) 1
% O(40) run | and 2 analyses

¢* MADANALYSIS 5 - SFS [Araz, BF & Polykratis (EPJC'21) ]
% 3 run 2 analyses

oge RIVET [ Buckley et al. (2010); Bierlich et al. (SciPost 20) ]

% O(30) run | and 2 analyses
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4 Search for dark matter in the top-antitop + MET channel
< Implementation in MADANALYSIS 5

< Validation: comparison of cut-flows and differential distributions
* MADANALYSIS 5 predictions vs CMS results [ BF & Martini (MAS5 Dataverse *16) ]

------------------------------------------------------------------------------------------------------------

'------
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’
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----------------------------------------------------------------------------------------------------------

N

'------

"4 Search for dark matter in the top-antitop + MET channel
< Implementation in MADANALYSIS 5

< Validation: comparison of cut-flows and differential distributions
* MADANALYSIS 5 predictions vs CMS results

.------'

[ BF & Martini (MA5 Dataverse '16) ] ,

------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

‘--------------------------

Events/40 GeV

o
-
o

o
o
vl

0.00

1.2

g 1.0
0.8

"4 Constraining ttXX contact interactions (mx = | GeV)

Selection step CMS | eEMS || MA5 | MAS srel E

0 Nominal 224510 224510 .

1 Preselection 15468.5 | 0.069 Asreement E

2| Br>320CeV | 42208 4579.8 | 0.296 € o :

3 Mr > 160 GeV 3390.1 | 0.803 || 3648.2 | 0.797 || 0.75% @ e .

4 | A®(jy0,Fp) > 1.2 | 2963.5 | 0.874 || 3124.3 | 0.856 | 2.06% :

5| M7y >200GeV | 2267.6 | 0.765 | 2403 | 0.769 || -0.52% ;

— ICMS A | my =?1 GeV — CMS,7 | ?m'\- ~ 1 GeV E

—— "MA5 - : 5 0.5( v MA5: ' : ' ' : '
L 0.4f

& .

o 1

‘; 0.3 '

§ 0.2 :

K .

01 .

l ' i i 0.0 E

ST U S ' : T 1.2F : . ] ]

s S — RIS, e 1o} ‘ : : e ] :

i — S o i e o s ]

200 240 280 320 360 400 440 480 0 40 80 120 160 200 240 280 320 360 !

MET|[GeV] MT|[GeV] "

L — R 1
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Back to DM
simplified models

The t-channel case
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. 4 Very different from s-channel models
i % The mediator couples to one DM and one SM particle
% Y decay into one invisible (~ MET) and one visible state
. <*Relevant for the LHC: couplings to (light) quarks —_— — }

-------------------------------------------------------------------------------------------------------------
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. 4 Very different from s-channel models :
i *#The mediator couples to one DM and one SM particle

* Y decay into one invisible (~ MET) and one visible state .

< Relevant for the LHC: couplings to (light) quarks —_ — }

.............. xx .............. ............... XY .............. ....................................... YY .......................................
0—% 0159 o —0 0159
g, o 0 o 0 o0 ©

% Signal less naive than considering XX production only
* DM pair production
* DM/mediator associated production (with mediator decays into DM+jet)
* Mediator pair production (with mediator decays into DM+jet)

< Mediator pair-production: t-channel and QCD contributions
* Model-dependent relative dominance ~ couplings, masses
* Mixed order situation ~ to be simulated separately (at NLO)
* Interference issue ~ re-weighted LO simulations
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----------------------------------------------------------------------------------------------------------------

* NLO computations are not trivial

0 % Overlap

resonant *YY @ LO ®Y — Xq decay

e - - -L . * YX @ NLO (real emission)

- —

% Possible (huge) enhancement w.r.t. LO (if YY dominates over XY)
* Spoiling the perturbative expansion for the original process

* All three subprocesses need to be considered separately to avoid double countlng
* Resonances to be subtracted

----------------------------------------------------------------------------------------------------------------
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"4 Matrix element: resonant and non-resonant pieces 2 &0

2 2 5
‘A‘ — |A(non—res.)’ + QR(A(non—res.)A(res.)T) + |.A(res'>

—------~

G
_>I
®

---------------------------------------------------------------------------------------------------------------
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"4 Matrix element: resonant and non-resonant pieces 2 &0

2 2 5
‘A‘ — |A(non—res.) + QR(A(non—res.)A(res.)T) + |.A(res'>

—------~

G
_>I
®

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

4 Diagram removal
2 2
<*Removal of the resonant diagrams |A‘ = ‘A(DOD—I‘GS') +e%(-yé¢n2n:rss-lA<rssa*)

“* Interferences can be kept (or not)

----------------------------------------------------------------------------------------------------------------

Ve m e -----
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4 Matrix element: resonant and non-resonant pieces 2 &0

| e '1<§

---------------------------------------------------------------------------------------------------------------

2
+ Qm(A(non—res.)A(res.)T) + |A(res.)

‘Af _ |A(non—res.)

----------------------------------------------------------------------------------------------------------------

. 4 Diagram removal

2 2 2
<*Removal of the resonant diagrams |A‘ = ‘A(HOD—I‘GS') +-‘2%(-»44“2“:1”28'-7-A(r23f9
“* Interferences can be kept (or not) — :
. 4 Projection of the kinematics on the resonance :
' (res.)|* (res.)|” 2 (res.)|*
‘A =) de = ‘«4 =) de — f(m?) P(‘A - dq’) t-channel example: m = mxq ~ my

% The projector operator P
* From an n-body kinematics to an (n-1) ® (I —2) kinematics

2 2 2

A=) (ab - XYg)| = |Alab - YY) @AY = Xq)|

% The pre-factor fis arbitrary (tends to | in the resonant limit)
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-----------------------------------------------------------------------------------------------------------------------

N XX @ NLO s L ——— XY @ NLO e

. o * Jet activity ~ QCD radiation

* Jet activity ~» QCD radiation © p J Y ~ n?ediator |de|C<;y
* Resonance: XY prod. + decayé g ) @ * Resonances:YY/XX prod. + :
. decay (benchmark dependent):

L WY @ NI

* Jet activity » QCD radiation and mediator decay

* Resonance: YX production + (off-shell) decay
9 @ O . interfering channels (from qqgbar initial states)

T EEEEEEEEEEEEEEEEEEE ...

----------------------------------------------------------------------------------------------------------------------
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-----------------------------------------------------------------------------------------------------------------------

E R XX @ NLO o  grm—— XY @ NLO E
: .. o % |et activity » QCD radiation |
a * Jet activity ~ QCD radiation 0 J 4 « mediator decay

LY
* Resonance: XY prod. + decayg 9 @ * Resonances:YY/XX prod. + ¥
decay (benchmark dependent)g

L YV @I )
g | O 0 @  *Jetactivity = QCD radiation and mediator decay :
(Y ] * Resonance: YX production + (off-shell) decay

9 A a 0 interfering channels (from qqgbar initial states)

----------------------------------------------------------------------------------------------------------------------

Is all of this needed
(NLO, etc.)?
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*CLS exclusion from the best region (| TeV mediator; 150 GeV DM)

—------------------------------

Process CLs [LO] EXIss constraint CLs [NLO] EXss constrtaint
Total 756710 %  €[700,800] GeV | 97.8707 % > 700 GeV
XX 0.770°¢ % € [250,300] GeV 3.670¢ % > 900 GeV
XY 62.7712% %  €[500,600] GeV | 83.9727 % € [700,800] GeV

YY [totall 24.013 1 % > 900 GeV 58.1122 % > 900 GeV
YY [QCD] 10.7156 % > 900 GeV 17.072 1 % > 900 GeV
YY [t-channel] 29.6750 % > 900 GeV 38.9712 % > 900 GeV

[ Arina, BF & Mantani (EPJC 20) ]

% NLO simulations are crucial
* Modification of the rates (larger yields) and shapes (different best region)

* Better control of the theory errors

% Considering all sighal components is crucial
* One component alone is not sufficient to exclude the scenario

L T L N T T NI N T d

-------------------------------------------------------------------------------------------------------
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L4 ~

4 Majorana DM coupling to the right-handed up quark

X (DM) Spin  Self-conj. | Y (med.) Spin

Ly w(X) = A¢)_(u.1¢1] + h.c.] 0
X 1/2 yes Doy 0

A
5

G O OE EE OEE W NN EE W Em g,

< Fixed 4 = | coupling

---------------------------------------------------------------------------------------------------------------
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L4 ~

4 Majorana DM coupling to the right-handed up quark

X (DM) Spin  Self-conj. | Y (med.) Spin

Ly w(X) = A¢)_(u.1¢1] —I—h.c.] 0
X 1/2 yes Doy 0

A
5

G O OE EE OEE W NN EE W Em g,

< Fixed 4 = | coupling

---------------------------------------------------------------------------------------------------------------

oo oo, 4 Recast: ATLAS multi-jet + MET search
. M_uR Recast of - '
E obser%gd ﬁrl:lit at 2o AT'-AS‘C%'\&%ZOW‘O"'O /’bjgg:; .x. I 39 /fb E
- | —— xx Y . . . . . ;
: P —xv e < Mono-jet-like and multi-jet + MET regions :
: || —— YY(QCD+t+int) P :
E 2000; fixed coupling A,=1 05; E
P T Ao 4 Signal component complementarity :
ﬁx 1600 [SE55 MOovens 2100 | A @P “* DM production is irrelevant :
: : ] <YY and XY production: comparable reach :
E 1000 , - MY below | TeV E
: ) ] ~ Mx below few hundred GeV :
' 500 . . .
5 Ry ] ~ Mild coverage of the parameter space |
5 o N % The width of the mediator can play a role :
: 500 1000 1500 2000 2500 3000 . .
. My (GeV) ~ especially for larger A values 5
:‘ [ Arina, BF, Mantani, Mies, Panizzi & Salko (PLB 20) ] ’:
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l' 5‘
: 3000 ‘ | | | ‘ ‘ 1=5 ;
. S3M uR Recast of - :
; | observed limit at 20 | |ATLAS-CONF-2019-0401 /&2 . :
: 1 oo £ * All channels contribute (larger rates) :
! 2500+ e '
i |—x * XX ~ A4 :
E 2000j fixed coupling A,=5 "’ : *YY N 14 + 12 + lo E
: ;\ : ——————— rw/M(p (%) x,o"’ :
. 8 1500; ZZZZ: MC events 2 100 ,’ ] E
P > i T \ 1 :
y = : : -
E 500; ] ;
1 | | 1 O W T Y o W g VO |G O WO W WUy &y S S LY e 1
' 500 1000 1500 2000 2500 3000 "
My (GeV) :
: [ Arina, BF, Mantani, Mies, Panizzi & Salko (PLB 20) ] "
: T — S —— :
' :
N e e e e o S
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---------------------------------------------------------------------------------------------------------------

2500

2000

1500

M, (GeV)

1000

500

W BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M B M W W W oy

T ‘ T T T T ‘ ‘ T T
S3M_uR Recast of
observed limit at 20 | |ATLAS-CONIZ2019-040f 42’
AT
|| — XX 2
— XY ' 5
|| —— YY(QCD +t+int) S
ow' 7
| fixed coupling A,=5 ) |
fffffff ro/My (%)
| | ===z MC events 2 100 o i
A
v
r -
WY
\ll T e ey Ny Wiy yhun |y Sype— J_l_’,_n\l\JIIIJ_1
500 1000 1500 2000 2500 3000
My (GeV)
[ Arina, BF, Mantani, Mies, Panizzi & Salko (PLB 20) ]
— =

Dark Matter @ Colliders

4+.i=5
* All channels contribute (larger rates)
* XX ~ A4
* XY ~ A2
*YY ~ A4+ A2 + AQ

¢*Simulations unreliable
* The NWA breaks down
* I'y/IMy>10% or compressed spectrum

* Most ‘excluded’ points inconclusive
% I'y plays a role for large A values
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---------------------------------------------------------------------------------------------------------------

000+ _
obser%ggn I_lrLrl1I|:: at 2o ATLAS-GONF-2019-040 * l N 5 .

oo | — XX e Vi * All channels contribute (larger rates)
| xv | 5 * XX ~ A4
: — YY(QCD+t+int) W¢ *XY _ 12

20007| _fxed coupling 1,=5 o ] *YY ~ A4+ )2 + )0

é 1500L[ 22252 MC events > 100 ) ) “*Simulations unreliable
s | /ST * * The NWA breaks down
ool ; * I'Y/My>10% or compressed spectrum
: | * Most ‘excluded’ points inconclusive
cool ] < I'y plays a role for large A values
yaia WAL 4 Sensitivity to all channels

500 1000 1500 2000 2500 3000 % Different jet proper’ties
My (GeV) ~ XX:small N;, mostly soft jets

~ XY: medium N;, hard and softer jets
~YY:large N;, hard jets
% Dedicated regions for all cases

[ Arina, BF, Mantani, Mies, Panizzi & Salko (PLB 20) ]

— T
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[ Arina, BF, Mantani, Mies, Panizzi & Salko (PLB 20) ]

ST 00 B0 N
: I S3M uR Recast of A g ecast o '
E : Combinedcolﬁgerchannelsn AT'-AS‘C%';';%ZOW'O“O 012 I Combinesdilxllﬁgeljchannelg ATLAS—E?SI\éI;tE>2519—O4O ‘&fr E
: 2500 o8 ] 2500 - 1 - E
" 1 I 5 1 Best SR :
. | fixed couplin(/\q,:Z 2 | ; | fixed rati{leM¢=5% "_.,-' D :Fs{zj_1600 .
; 2000 ro/My (%) A 2000 A, coupling ] sz 2200 |
: S : MC events = 100 =" : < MC 100 “ | SR2j_2800 .
1 events 2 > events 2 1
E @ 15001 1 @ 1500 . Il w00 :
i > - B < ) SR4j_2200 :
. = : h = ] 4 SR4j_3400 E
E 1000 ; 10001 ‘2 | SR5j_1600 :
" I ] Y ‘ SR6j_1000 E
: s | I ._,-gf'.'o""' ] SR6j_2200 '
E 500~ ] 500} o i ] sRej_3400 "
E 500 1000 1500 2000 2500 3000 00 1000 1300 2000 2500 3000 :
: My (GeV) My (GeV) "
% A=2vs [iMy = 5% 5
; % Signal = XX + XY +YY i
: < Regions with 2 very hard jets (SR2j) ~YY production and decay E
5 < Regions with more not so hard jets (SR4j, SR5j, SR6j) ~ compressed regime
: % Reliability of the simulations 5
: * Fixed I'y/My: compressed spectrum = non-perturbative regime :
\ * Fixed A: split spectrum = broad mediator K
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[ Arina, BF, Mantani, Mies, Panizzi & Salko (PLB 20) ]

———————————————————————————————————————————————————————————————————————————————————————————————————————————————

N 3000 B — 3000 e —.—.— ——————— ~‘.
: i S3M_uR Recast of A ecast 0 '
E : Combinedcolﬁgerchannelg AT'-AS‘C%%';EZNQ_MO 01é I Combinesdilxllﬁgeljchannels ATLAS‘E%'\S‘;';%BW‘O“O | ‘&fr E
: 2500 g "':0,_5' * 25001 7 | 1 E
; AT WY f A - Best SR :
. | fixed couplin(/\q,:Z El ; | fixed rati{leM¢=5% El "_.,-' DsR2j_1600 .
! 2000 - m AN 200 ing ] sz 2200 |
: g MC events = 100 " ; MC events = 100 SR2j_2800 E
O 500 + 8 1500 ] | Esrat000 | o
] < : N e . SR4j_2200 .
: = P , - = a - SR4j_3400 E
1000 s 1 1000/ ! SRS5]_1600 :
: [ ] Va ‘ SR6j_1000 E
! [ ] [ ._,.Tj‘,'.'.-" ] SR6j_2200 '
E 500 i 500 A i ] sRej_3400 :
E | ‘5(‘)0‘ - ‘10‘00‘ - ‘15‘00‘ - ZdOO - 2560 - L3>OOO o ‘5(‘JO‘ - ‘10‘00‘ - ‘15‘00‘ - édOd - ééOd - 6000 .
: My (GeV) My (GeV) "
. 4 A=2vs TYMy = 5% 5
5 “Signal = XX + XY +YY :
: < Regions with 2 very hard jets (SR2j) ~YY production and decay E
5 < Regions with more not so hard jets (SR4j, SR5j, SR6j) ~ compressed regime
: % Reliability of the simulations :
: * Fixed I'v/My: compressed spectrum = non-perturbativ ©are to be taken with .
' : : : baroque setups I
\ * Fixed A:split spectrum = broad mediator 9 P /!
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Beyond
simplified models
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. 4 More complex than simplified models :
i %A large set of models exist ~ focus on few benchmarks (e.g. supersymmetry)
. < Dedicated searches for those specific benchmarks
S * simplified models encapsulate characteristics of varied theories ... /

4 3 (subjective) examples
< The Higgs portal model (very few parameters a one new state)
“* Dilaton-induced DM (very few parameters and two new states)
< Supersymmetry (lots of parameters and new states)

o T E EEEEEEEEEEEEEEE

V.

-----------------------------------------------------------------------------------------------------------
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. 4 The Higgs boson connects DM to the SM [Arcad, Diouadi & Raidal (PhysRepe 19)1 4
< DM interacts with the Higgs boson via effective couplings
< The Higgs can decay into a pair of DM particles
* For instance, Majorana DM:
My _ 1C

Ly =ixdx — S XX T ZK@L(IWX

Economical (few states and params)
Simplest way to connect DM to the SM

-------------------------------------------------------------------------------------------------------------
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4 The Higgs boson connects DM to the SM {Arcadh, Diouad & Raldal (FhysRepe 191
< DM interacts with the Higgs boson via effective couplings
< The Higgs can decay into a pair of DM particles
* For instance, Majorana DM:
My _ 1C

Ly =ixdx — S XX T ZK(I)T(I)XX

Economical (few states and params)
Simplest way to connect DM to the SM
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* LHC searches for invisible Higgs decays 2 VT ATLAS Proiminay (]
“*No sign of new physics N Z"‘:‘ BooTev 2031 | :
i % All SM production modes considered 72 "‘:.‘_ lésT;\é-gﬁgfb 1
(VBF, VH,. . ) 6— "-.“ — Run 1+2 Comb. =
. @BR(H— inv) < 0.11 @ 95%CL % e EIE
: * Full run 2 dataset 3 ERN
5 X k I
°>N\§<® O o1 0 o4 o2 oa
[ ATLAS-CONF-2020-052 ] B inv .
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[ Bai, Carena & Lykken (PRL 09) ]

4 A dilaton portal between the SM and dark sector

**Scale invariance is imposed ~ compensator field ~ dilaton
< Dilaton couplings proportional to the mass

* 3 parameters: the dilaton and DM masses, scale invariance breaking scale f
* Example: vector DM

o
Lo = ( )m%/X X* Economical (few states and params)

RN
*-------------—
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4 A dilaton portal between the SM and dark sector [ Bal, Carena & Lyldcen (PRL 09 ]

**Scale invariance is imposed ~ compensator field ~ dilaton
< Dilaton couplings proportional to the mass

* 3 parameters: the dilaton and DM masses, scale invariance breaking scale f
* Example: vector DM
2
= (2429 \m2x xn .
o= 7T gp) v Economical (few states and params)

. 4>Mono-X searches apply 5
i *Solid exclusions (hashed = HL-LHC) I ‘\
. 4 Heavy Higgs searches & correct relic = .|/ e T E
. <*Orange line (excluded) Sulf TR :
: < Green line (allowed) & 1 :
' > N ! 1
: . g ‘\l :
. 4> The EFT must be valid N :
. % Cutoff on the momentum transfers ’ S 5
. *Grey exclusions Sl f=1Tev |
i f=| Tev is ruled out! 500 1000 15,(3;'0 (GeZC{O/O) 2500 3000 35t E
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4 Pair production of heavy states cascade-decaying into leptons, jets and MET
* Inspiring many simplified model searches
< Neutralino = typical WIMP candidate

< Strong limits exist
< Holes in the SUSY space exist too

4 Specific variables o

pp — X3 X3 Moriond 2021

' S o L B B BN IR LI R

* Transverse variables (MTZ’ o ) E 1600 CMS Preiiminary 137 fb' (13 TeV) ~

<*Hadronic quantities (Hr, Mex, .. .) “getao0] TR0 A0SMD) Expected
£ —SUS-20-003, 1l+bb (WH) Observed

oge etc. 1200 —SUS-18-004, soft 2/3-lep (WZ) 3
—SUS-19-012, 21 SS + =31 (¥ —Kil, BF(1)=0.5, X=0.5)
[ 8US-19-012, 21 SS + 23| (X —~Tv1%, X=0.5)
1000 .

- AN ‘_",17' % -
800 S .

o Pty et e,

- P *

Ol"::""’llllllll‘: 'EIILllll ! |::||
200 400 600 800 1000 1200 1400

my=m;} [GeV]

[ CMS Moriond Update ]
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4 Pair production of heavy states cascade-decaying into leptons, jets and MET
* Inspiring many simplified model searches
< Neutralino = typical WIMP candidate

< Strong limits exist
< Holes in the SUSY space exist too

4 Specific variables e |
* T 1 bI M - I | LI I LI plpl ﬁ IXZI X|1 LI | l LI Molr,oln? 2I0121
FanNSverse variables ( 12, - ) E 16"";_CMS Preliminary 137 fb' (13 TeV) _
<*Hadronic quantities (Hr, Mex, .. .) “getao0] TR0 A0SMD) Expected
£ —8US-20-003, 1l+bb (WH) Observed

oge etc. 1200 —SUS-18-004, soft 2/3-lep (WZ) 3
—SUS-19-012, 21 SS + =31 (¥ —Kil, BF(1)=0.5, X=0.5)
SUS-19-012, 21 SS + 23| (XK —~Tv¥, x=0.5)

1000[

4 Huge effort towards supersymmetry aoof P

-----
.......

< No sign of it for now... 600+
Supersymmetry = proxy for many models 400,
* Rich set of signatures common to other models 2o

"‘||||1|||' 'EIILllllll::Il

200 400 600 800 1000 1200 1400

my=m;} [GeV]

[ CMS Moriond Update ]
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4 Pair production of heavy states cascade-decaying into leptons, jets and MET
* Inspiring many simplified model searches
< Neutralino = typical WIMP candidate

< Strong limits exist
< Holes in the SUSY space exist too

4 Specific variables e |
* T 1 bI M - I | LI I LI plpl Iél IXZI X|1 LI | l LI Molr’oln? 2I0121
FanNSverse variables ( 12, - ) E 16"";_CMS Preliminary 137 fb' (13 TeV) _
<*Hadronic quantities (Hr, Mex, .. .) “getao0] TR0 A0SMD) Expected
£ —8US-20-003, 1l+bb (WH) Observed

oge etc. 1200 —SUS-18-004, soft 2/3-lep (WZ) 3
—SUS-19-012, 21 SS + =31 (¥ —Kil, BF(1)=0.5, X=0.5)
SUS-19-012, 21 SS + 23| (XK —~Tv¥, x=0.5)

1000[

4 Huge effort towards supersymmetry aoof P

---------
. .,

< No sign of it for now... 600+
Supersymmetry = proxy for many models 400,
* Rich set of signatures common to other models 2o

-----
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[
Is SUSY ruled out? NO 97200 400 600 800 1000 1200 1400
oy mg,=my.} [GeV]

But will it ever be? &) [ CMS Moriond Update ]
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. 4 Supersymmetry could be non-minimal
. sk Left-right SUSY, SUSY VLQ, SUSY GUTs, sneutrino DM, etc.

. 4 Non-minimal supersymmetry = great playground to test new signals
¢ Example: UMSSM (SUSY + Z)

p—=2Z > xTNT =0T+ Fp [ Special kinematics due to the Z’ ]

------------------------------------------------------------------------------------------------------------
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*Supersymmetry could be non-minimal
% Left-right SUSY, SUSY VLQ, SUSY GUTs, sneutrino DM, etc.

4 Non-minimal supersymmetry = great playground to test new signals
¢ Example: UMSSM (SUSY + Z)

p—=2Z > xTNT =0T+ Fp [ Special kinematics due to the Z’ ]
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‘tg T | T T I T T T | T T }Q T I T T T | T T T I T T T ] T T T
= t L
L qor fL dt=3000 fb', ys=14 TeV, 140PU V+jets j 2 fun: 3000 fb', Ys=14 TeV, 140PU Vijets
] 3 o
** B wiets T w ol B vv4ijets N
10° I - é | K é
M single Top 3 - W single Top -
e I s %*Very hard probes
<= BM I 3 B === BMI _
3 — L] L]
° “* Special variables

*Visible at HL-LHC
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[ Araz, Corcella, Frank & BF (JHEP 18) ]
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4 Dark matter is an important motivation for new physics
< Galaxy rotation curves, gravitational lensing, cosmic microwave background, ...

L4
’
1
]

1

. 4> Searched for in a complementary way
% Dark matter relic abundance must be reproduced

** Dark matter direct/indirect detection constraints

< Production at (hadron) colliders

------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------

4 Many signatures are considered at the LHC ;
' < From various benchmarks: simplified models, EFTs, UV-complete models

4 Accurate predictions are necessary for the best conclusions

. *NLO-QCD computations for BSM are automated
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Dark Matter @ Colliders Benjamin Fuks - 08.09.2021 - 76



Collider simulations Dark matter at colliders Interpretations Summary

------------------------------------------------------------------------------------------------------------

4 Dark matter is an important motivation for new physics
< Galaxy rotation curves, gravitational lensing, cosmic microwave background, ...

L4
’
1
]

1

. 4> Searched for in a complementary way
% Dark matter relic abundance must be reproduced

** Dark matter direct/indirect detection constraints

< Production at (hadron) colliders

------------------------------------------------------------------------------------------------------------
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4 Many signatures are considered at the LHC ;
' < From various benchmarks: simplified models, EFTs, UV-complete models

4 Accurate predictions are necessary for the best conclusions

. *NLO-QCD computations for BSM are automated
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A lot of fun is planned for
the next decades
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