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Cosmology Colliders Complementarity Summary

* Theoretically, we are in the dark

: * No sign of new physics, measurements are compatible with the Standard Model
* Several intriguing features however require confirmation

: * There are good reasons to believe the Standard Model is the beginning...

i *%*No leading new physics candidate theory

* Need to make sure there is no Ioophole in new physics explorations

. Standard Model Production Cross Section Measurements [ATLAS collaboration]; [XENON collaboration]
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Cosmology Colliders Complementarity Summary

N

4 Dark matter is an important motivation for new physics

< Convincing evidence
* Flattening of the galaxy rotation curves
* Gravitational lensing
* Cosmic microwave background
* Structure formation

Enormous endeavour to
detect dark matter
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Cosmology Colliders Complementarity Summary

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

4 Dark matter is searched for directly, indirectly and at colliders
< Dark matter is elusive > only gravitationally-interacting?
< This huge experimental effort however offers a strategy to constrain models

4

s - - ---—---
- EEEEEEE-E--

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

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

L4

4 Complementary between colliders and cosmology
 Dark matter relic abundance must be reproduced

---mem

** Dark matter direct/indirect detection constraints

< Direct production at colliders invisible

.4 One Important issue: precision
*Do QCD corrections matter?
“*Can QCD corrections change conclusions!?

Questions addressed
in this talk
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Cosmology Colliders Complementarity Summary

< To be considered as a toy model

< Useful tool to characterize given phenomena
* Reinterpretation made easy thanks to very few new parameters

. “*Reproduction of features shared by several UV-complet models :
. 4 The top quark is believed to play a special role :
. **Large mass < strong connection to electroweak symmetry breaking :
:‘ * Setups featuring dark matter interactions with the top quark only ;
| 4 Toy model inspired by compositeness :

* SU(2) singlet vector-like mediator T
* EW singlet scalar dark matter S

< Simplified parameter space
* 2 masses: ms, m7/ms-1; | Yukawa coupling y:
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Introduction Colliders Complementarity Summary

* Connecting an idea to simulation tools
i  #Model building

and added by hand

: Idea / Lagrangian . % Connecting a Lagrangian to code :
: 1 % FEYNRULES :
: [ Alloul, Christensen, Degrande, Duhr, BF (CPC’14) ] |
FEYNRULES - *Hard scattering
5 v - *Feynman diagram and amplitude generation :
Matrix * Squaring of the matrix elements
: Elements - % LO accuracy :
E [ CALCHEP ] * CALCHEP [ Belyaev, Christensen & Pukhov (CPC’13) ] E
: \d ¥ Cosmology 5
Cosmological * Annihilation cross section evaluation
: observables . Relic density, scattering off nuclei rates, etc. :
; [ MICROMEGAS | ~ *MICROMEGAS E
: * [ Bélanger, Boudjema, Goudelis, Pukhov & Zaldivar (CPC’18) ] ,
Phenomenology QCD corrections computed
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Introduction Colliders Complementarity Summary

Relic abundance

[ Colucci, BF, Giacchino, Lopez Honorez, Tytgat & Vandecasteele (PRD18) ]
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Introduction Colliders Complementarity Summary

;§ Several competing annihilation channels :
E el i
. ¢ Annihilation channels e | | =t
: % Annihilations into (potentially virtual) tops | T
5 * Loop- mduced annihilations into gluons 5 | — 5
5 5. Cos gt i
: ‘ n :
" 1t/T "
: ! ]: < :
: S ””” I/ % \&* :
5 O it 2 ek T
5 * Potentlally resonant co-annihilations: S T — t(*) __ - :
. . . No thermal relic
: % Colored point = viable scenario Nl _ 1 e
- : 10 10° 10 1
: * : : :
: Thepredlctedrellcden5|tyagreeSW|thdata Compressed ms [GeV] Large viable parameter : :
: QDM h2 — (.12 [ Planck Collaboration (AA'14)] reglon space regton :
* NLO QCD corrections are included *Imposing the right relic abundance fixes y: : !
E . % Minimum value = 0.00! for technical reasons§ E
: * Maximum value = 6 (perturbativity) :

Cornering dark matter with colliders and cosmology: the role of precision calculations Benjamin Fuks - 09.01.2019 - 10



Introduction Colliders Complementarity Summary
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bremsstrahlung (VIB)

*Top mass effects (s-wave @ LO) negllglble * Results leading-order accurate!
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Introduction Colliders Complementarity Summary
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* Annihilations into tops dominate 0. Cr [ 72 X
* Top-mass effects (s-wave @ LO) important (UU)NLO ~ (ov)Lo [1 + — ( - 1)] n

*Opens up a region not Viable for- I|ght quarks ettt ettt et o T H
* Mild K-factors * Velocity close to 0

* Spurious results (no p-wave behavior)
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Introduction Colliders Complementarity Summary

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

PS ~

-- -y,

e Eeee— - O}Annihilations into tops IS Closed

* 3-body annihilations (into tVWb systems)
> relevant for

% At ms ~ m,, the Yukawa drastically changes
107 > new regime

* $S—gg important for ms < (m¢tmw)/2
> loop-induced

102

* Co-annihilations crucial near mt+ ms ~ m
> resonant enhancement (ms ~ 75 GeV):

- - o

-----------------------------------------------------------------------------------------------------------------
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Introduction Colliders Complementarity Summary

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

W] [ | ’I‘TheYukawa is fixed to match Planck data
| { | *We focus on the colored points only
% Next results: expressed as a function of ms
11" % Color code: spectrum compressibility

'!°Large variety of acceptable scenarios
% Dark matter masses from 50 to 40000 GeV

T

Direct and indirect
detection constraints?

- - o

-----------------------------------------------------------------------------------------------------------------
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Introduction Colliders Complementarity Summary

Direct and indirect
detection

[ Colucci, BF, Giacchino, Lopez Honorez, Tytgat & Vandecasteele (PRD18) ]
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Introduction Colliders Complementarity Summary

'Z'Thls loop suppression reduces the dark matter scattering cross section off nuclei
“* Only interactions with gluons are relevant (light quark connection at two-loop)

4 Effective interactions
* Dimension-five coupling to gluons

m?, 2 The coupling to nucleons fy are deduced: :

5 Zfp+(A—2)fn fN/mN=—8 o (u )f(N)

N mmmE E EEE NN E N N S N O S M O S S M S SN RN 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 M M W m m
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Introduction Colliders Complementarity Summary

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

: * Loop-suppressed DM interactions with gluons < weak direct detection constraints :
% Direct detection relies on loop diagrams | e e | , | mr/ms =1}
' r i ——  Xenon 1T (34 days) " !
: S s S S 1074 Xenon 1T (2 t.y) ] X
" TSee L T RN el 10~44 - = v floor | 5101 o
: . |
E g ’ g g : g 1040 -~ :
, , , 5 1047 [ -mT
. % Relic density driven by S5—gg S«
5 (for ms < (m¢+mw)/2) e
i % Contribution small but significant otherwise | 10
; : 51 ¥
. % lLarge Oa expected in this regime -
: .10 ¥
+ % Yellow band at ~ 75 GeV T
5 > ST — tresonant co-annihilation regime = 10
5 > Different phenomenology S — ms [GeV]

-------------------------------------------------------------------------------------------------------------------------
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Introduction Colliders Complementarity Summary

: 1 B e T m —lg
% Direct detection relies on loop diagrams 107 T ' g/ms =t

L0-43 | — Xenon 1T (34 days) | -
‘ Xenon 1T (2 t.y)

10! :

S S S S i
Ssee. T "7 Ssae L =" 1044 - - vfloor :
t t T T 104 E
t T 10~46
9 9 9 9 — 1047 N -
—
E . ..l -
D 10 N | - - -7
* Negligible SS—gg channel F g

* Smaller Yukawa value needed to match the relic§ 1072

—--------------------------

—51

> Most parameter space below the v floor 10
10752
* Bump in 0a for ms ~ 2.5 TeV TS
> m¢+ ms ~ mt Yielding an increase in Cs T U
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Introduction Colliders Complementarity Summary

°!° Gamma ray continuum (from bb limits) 1/ Mild constraints from AMS antiprotons
Nbb * Annihilations into SM particles
N9 e . % Derivation of the associated antiproton flux

x NX is the number of ¥ from an X state 5?°I°Mild constraints from Fermi projections
[Bringmann, Huang, Ibarra, Vogl &Weniger JCAP'12)]1 1. % Reinterpretation of the dwarf spheroidal analysis

OVgg,tt = OUpb— 37

* Gamma ray spectra from t/b similar i % Direct constraints on annihilations into bottoms
.......... 10_24va/mi_1 m—“vmr/m—b_l
| — CR 1 Cuoco'17 4 i f — CRtt Cuoco'17
_ Fermi b 15 yrs 0! ; Fermi b 15 yrs L
1072} 1 1 1"

10—26 _

100

1077 1077

Crucial NLO |
effects

ov [cm3/s]
oz Nro [cm?/s]

10|
5 107

1072¢ 10 #

NLO

------------------------":"-"-";"-"-";"-"-";"-"-";"-"-":"-"-"'--—
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Introduction Colliders Complementarity Summary

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

* Annihilations into gluons dominate W | ™

°I°D|rect annihilation into photons is Iarge

—— Fermi bb current
Fermi bb 15 yrs
Fermi'15 vy xa?(N2 — 1)/(2Q*aN..)?
HESS'17 7y xa?(N? —1)/(2Q*aN,)?

4 Heavy dark matter (ms > 2 TeV) |
“* Annihilations into top-antitop dominate = © j»
°I°Photon emission is important (VIB) |

¢------------------------------

...................................................................................................................... 1029
OUsf 2N.Q%«
i Q0 93107
ovigy  (NZ—1)a 107 (
S N ok S
4 Mild constraints from H.E.S.S. and Fermi
Indirect constraints do not yield much on the model
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Introduction Cosmology Complementarity Summary

N S & recasting

O™ M W E M EEEEEEEEEEEEEEEEEEEEEEEEE SRR &SRR R EEE

E it : * With or without missing energy 5
T TTOOO0 . :
Dj\w > The mediator can be produced too

------ « mono-X : :

* Via tree or loop-induced processes 5

- ? At * Via top-enriched final states or not

no By W, :
& e

Precision simulations !

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

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

4 Past developments of high-energy physics tools have been crucial
< Any model of dark matter (complete or simplified) can be studied
< Higher order corrections can be included as easily

* Robust predictions < crucial for a discovery lellc e Cig A0S

¢--------.
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Introduction Cosmology Complementarity Summary

Automating QCD
corrections
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Introduction Cosmology Complementarity Summary

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

4 Contributions to an NLO result in QCD

'X‘Three ingredients: the Born, virtual loop and real emission contributions

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

Born

- EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE®E®Em
g U O U U
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Introduction Cosmology Complementarity Summary

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

* LOOP d|agram calculations e
: : : : : - m-point di ith ternal &
+ o Calculations to be done in d=4-2& dimensions M-point dlagram with h external momenta :
* Divergences made explicit (1/€2, |/¢) ky ko E
* Numerical challenge k 5
. % Reduction of the loop integrals : ks !
5 7 S o 5
: dds = a /ddﬁ :
E / DOD]. Dm—l Z ’ D?:oDzl E
: * Scalar integrals with up to four denominators ~— = :
' : 1T ... 6 = b3 '
5 * The decomposition basis is finite ° 5
: * Many reduction methods are available ke :

----------------------------------------------------------------------------------------------------------------
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Introduction Cosmology Complementarity Summary

[ del Aguila & Pittau (JHEP’04); Ossala, Papadopoulos & Pittau (NPB’07; JHEP’08) ]

'— --------------------------------------------------------------------------------------------------------------

. 4 The loop momentum lives in a d-dimensional space
. % The reduction should be done in d dimensions and not in 4 dimensions i
. N(¢, 0 E
: ;/ddg_ (6’@ with £ =0+ ¢ :
: DoDy-- D1 ¥ :
R D-dim 4-dim  (2e)-dim :
: °!° Numerlcal methods work in 4 dimensions: need to be compensated! ;

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

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

A L L L L L N g

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

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

% Process-dependent contributions proportional to /2
< In a renormalizable theory, there is a finite number of such R, pieces
* They can be calculated once and for all for a specific model
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Introduction Cosmology Complementarity Summary

* The structure of the poles appearing at NLO is known > subtraction methods
* (? subtracted from the reals > makes them finite

* ¢ integrated and added back to the virtuals > makes them finite
* Integrals can be made numerically (in four dimensions)

TS EEEEE TS S E eSS eSS ..

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

i e e i e e i e P

L4

Born and virtuals

% Two sources of double counting that compensate each other (shower unltarlty)
% Radiation: both at the level of the reals and of the shower
% No radiation: both in the virtuals and in the no-emission probability

. %\%
\
\
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---------------------------------------------------------------------------------------------------------------------
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Idea / Lagrangian

N '!° FEYNRULES is linked to NLOCT

% Calculation of UV and R; counterterms
FEYNRULES / NLOCT / UFO@NLO % Export of the information to the UFO
< [ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]

[ Degrande (CPC’I15) ]

Matrix Parton [ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]

Detector N ,
Element —>» showers T [ Degrande, Duhr, BF, Hirschi, Mattelaer, Shao et al. (in prep.) ]
Generator Hadronization :
% Parton shower matchingtc MC@NLO
\ ) \ % Automatic (MG5_aMC)

* Restrictions on the renormalization scheme
[ Alwall et al. (JHEP’14) ]

Simulated collisions

v

A : °!~ LHC recasting done with MADANALYSIS 5
nalysis ;

. [ Conte, BF, Serret (CPC’13) ]
* Automatic [ Conte, Dumont, BF, Wymant (EPJC ’14) ]

et [ Dumont, BF, Kraml et al. (EPJC *15) ]
[ Conte & BF (I]MPA'18) ]

-----
A mE 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 BN BN BN BN BN BN B o m B
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Introduction Cosmology Complementarity Summary

LHC recasting with
MADANALYSIS 5

[ Conte, BF, Serret (CPC ’13); Conte, Dumont, BF, Wymant (EP)C ’14); Dumont, BF, Kraml et al. (EPJC ’15); Conte & BF (IJ)JMPA'18) ]
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Introduction Cosmology Complementarity Summary

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

. 4 The MADANALYSIS 5 strategy for the reinterpretation of an LHC analysis ;
. Relies on a (public) detector simulation mimicking ATLAS-CMS simulations
. *% Relies on a (public) framework where LHC analyses can be easily implemented

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

wn
O
=
0
3
o

P —
P ——— Signal events
CMS Physics Analysis Summary (STDHEP or HEPMC format)

¢ 2 options for detector effects

[ Tuned detector J Physics DELPHES/PGs-like
Analysls : (resolutions, efficiencies

S|mulat|on

Data base

@ % RIVET-like (transfer functions)
» DE»% Recast select|on @ I m

: Picked approach in
Numbers of{data and :
backgroung events \rLimit computation ] MADANALYSIS 5

-----------------------------------------------------------------------------------------------------------------
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Complementarity Summary

R Picking up an experimental publication e

I < Reading Relatively easy
. 4 Writing the analysis code in the tool internal language Relatively easy
1 2 Getting the information missing from the publication for a proper validation
¢ Efficiencies (trigger, electrons, muons, b-tagging, JES,etc.)

* Including pt and/or i dependence . A\ Essential ¥

* Accurate information X Often difficult!

“ Detailed cutflows for some well-defined benchmark scenarios

* Exact definition of the benchmarks (SLHA spectra) Discussions with ::

* Event generation information (cards, tunes, LHE files if possible) experimentalists ::

< Expected number of events in each region and cross sections

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

4 Comparing theory tools and real life ;
(and beware of the genuine differences between both approaches)

Cornering dark matter with colliders and cosmology: the role of precision calculations Benjamin Fuks - 09.01.2019 - 31



Introduction Cosmology Complementarity Summary

[ Bein, Choi, BF, Jeong, Kang, Li & Sonneveld (’18) ]

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

4 CMS search for dark matter in the top-antitop plus missing energy channel
: < Dileptonic final state
. % Cutflows and Monte Carlo information for given benchmarks :
4 Validation at a very good level, cut by cut
Cut (mz,myg) = (750,1) GeV (mz, mg) = (600, 300) GeV
; CMS MAS CMS MAS ;
n(OS pore)= 2 - - - )
my > 20 GeV 0.99 0.99 0.99 0.97
My — mg| > 15 GeV 0.95 0.94) 0.89 0.89
N; > 2 0.87 0.93) 0.85 0.89
Ny >1 0.73 0.84) 0.83 0.83
EP™ > 80 GeV 0.94 0.95 0.89 0.88
S > 5GeV'/? 0.98 0.92 0.96 0.91
: ¢1 < 0.80 0.9 0.97 0.92 0.97 :
¢y < 0.96 1.0 0.96 1.0 0.94
My (£165) > 140 GeV 0.49 0.42 0.17 0.16
: All cuts 0.24 0.25 0.083 0.075 5
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Information

Cosmology

Citations (2)

Record added 2018-04-16, last modified 2018-11-23

) Files are versioned, can be downloaded
i

Complementarity Summary

Madanalysis5 implementation of CMS-SUS-17-001

Bein, Samuel; Choi, Soo-Min; Fuks, Benjamin; Jeong, Soomin; Kang, Dong Woo; Li, Jinmian; Sonneveld, Jory

Description: Cite as: Bein, S., Choi, S.-M., Fuks, B., Jeong, S. j 018).
oi: 10.7484/INSPIREHEP.DATA.MMM1.876Z

Madanalysis5 implementation of CMS-SUS-17-001 cod

DOI and citations

Cornering dark matter with colliders and cosmology: the role of precision calculations
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Introduction Cosmology Complementarity Summary

\

"4 A database with MADANALYSIS 5 implementations of LHC analyses exists
% http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase

CMS analyses, 13 TeV

Analysis Short Description Implemented by Code ‘alidation note \lersion
CMS-SUS-16-033 Supersymmetry in the multijet plus missing energy channel (35.9 fb-1) F. Ambrogi and J. Sonneveld Inspire j§> PDF 1.7/Delphes3
CMS-SUS-16-039 Electroweakinos in the SS2L, 3L and 4L channels (35.9 fb-1) B. Fuks and S. Mondal Inspire j§> PDF 1.7/Delphes3
CMS-SUS-16-052 SUSY in the 1l + jets channel (36 fb-1) D. Sengupta Inspire §§> PDF 1.6/Delphes3
CMS-SUS-17-001 Stops in the OS dilepton mode (35.9 fb-1) S.-M. Choi, S. Jeong, D.-W. Kang, J. Li etjal. Inspire §§> PDF y1.6/Delphes3
CMS-EXO-16-010 Mono-Z-boson (2.3 fb-1) B. Fuks Inspire §§> PDF y1.6/Delphes3
CMS-EXO-16-012 Mono-Higgs (2.3 fb-1) S. Ahn, J. Park, W. Zhang Inspire §§> PDF y1.6/Delphes3 :
CMS-EXO-16-022 Long-lived leptons (2.6 fb-1) J. Chang Inspire §§> PDF 1.6_tracks/Delphes3 :

CMS-TOP-17-009 SM four-top analysis (35.9 fb-1) L. Darmé and B. Fuks \ Inspirg \ PDF ‘/1.7/Delphes3

card for CMS-EXO-16-010 and CMS-SUS-17-001 / \

Delphes card for CMS-EXO-16-012

Delphes card for CMS-SUS-16-039 o

Delphes card for CMS-SUS-16-041 Dedicated

Delphes card for CMS-SUS-16-052 V 0 c 9 .
Top-17. alidation information

Delphes card for CMS-TOP-17-009 DELPHES Cards Code from INSPIRE

(cutflows, distributions, etc.)

WE NN BN NN 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 AN BN BN BN BN AN AN BN BN BN BN BN BN BN W M
N mm EmEm Em E E E W W N S S M S O M M M B M M B BN B BN BN N BN BN M BN B BN BN M N B B M M M MmO mom P

* Can be automatically installed within MADANALYSIS 5

¢
A3
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Introduction Cosmology Complementarity Summary

Example

[ Conte, BF, Serret (CPC ’13); Conte, Dumont, BF, Wymant (EP)C ’14); Dumont, BF, Kraml et al. (EPJC ’15); Conte & BF (IJ)JMPA'18) ]
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Introduction Cosmology Complementarity Summary

P

. 4 A simplified model for top-philic dark matter
E ’z‘A dark Sector With a fermionic dark matter Candidate X ....................................................... t ..... i
“* A (scalar) mediator Yo linking the dark sector and the top v X
: _ Y .............................. y ................................................. '__Q< E
Et%{ (QtTtt-l-gXXX)Yo X i
e .l
... ¥ Could be probed with tt#MET events (CM>-B2G-14- .0.9.‘!).."‘.";"."'.";"."'.";"."'_";".'"_";"."'.";"."'.";“."'.";:
4 For central scales: mild (but V|S|ble) NLO effects on the exclusions

Jf mmamm—— o e — — —

points | 2 | n | |

' - Excluded points (68% CL) LO Iu’ : A é!(lcpl)jdet; points (68% CL) NLO E

2o Excluded points (95% CL |~ |2 250/ ... Excluded points (95% CL) | s >
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Complementarity Summary

[ Arina, Backovic, Conte, BF, Guo, Heisig, Hespel, Kramer, Maltoni, Martini, Mawatari, Pellen & Vryonidou (JHEP’16) ]

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

(my, mx) oLo [pb] r{CLLo [%]’\ oNLO [pb] fCLNLo [‘73_
I (150, 25) GeV  0.6587355% | 98.749.°% 1 0.773%8'% | 95.0127%
II (40, 30) GeV 0.7767352% | 74.7119 7% 10.9261°7% | 84.219.4%
IIT (240, 100) GeV ~ 0.187F3777% | 91.61%.2% 1 0.2161%,7% | 86.5155%

< An excluded point may not be excluded when accounting for uncertainties

“* The CLs number can increase / decrease at NLO

**® The error band is reduced

N m EmEEEEEEEEEE NN NN NN NN NN NN NN NN NN EE
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Introduction Cosmology Complementarity Summary

*Two main constraining modes at the LHC monojet and top-antitop plus MET
i L= Lon + Luin [gtSTPRHhc] §
% The top-antitop mode is also constrained in the low scalar mass region by LEP

* General features
* I'T must be larger than Agcp (no LLP)

* Bounds independent of the Yukawa
> monojet production negligible

600

< Multijet probes
* Monojet-inspired (at least one very hard jet)
* Loss of sensitivity < decay phase space

200 % Top-antitop plus MET
* Well adapted to our topology

* Best constraints (and chance of discovery)

OB B BN B B BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M BN B B M M M M M W W O w
A EN 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 B B B B O W O
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Introduction Cosmology Colliders Summary

4+ Collider-cosmology complementarily at work :
Y -+ Lagrangian
i TLAS muItij+ME7 E L = LSM + £kin + gt S TPRt + h-C- i
B s, | *Vector like mediator T
L g -+ % Scalar dark matter S 5
D et :
: é} 109 ermi g ”/,/ I CMS tt_+|\/||.5.:r. ............... i T : :
LT e R . % Relic-density favored regions exist K
. . 2~ oo Al . % Dark grey: no thermal relic
. | © i % Light grey: loss of perturbativity ¥
5 X Annihilation into gg below the m: threshold ;
: 1o-- I o — °I° DM direct detection constraints
R s e - Poor sensitivity (loop-induced interactions) :
E ............................................................................................................................................................... * Most Parameter Space below the Vv floor E
: _°!° DM indirect detection constraints »
: - % Exclude (will rule out) limited light DM regions
°3° Colliders (present and future) e ;o ;o
i | % Sole probes to tackle the unconstrained reglons | o
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Introduction Cosmology Colliders Summary

~

4 A simplified model for 3rd generation-philic dark matter
% A gauge singlet dark sector with a fermionic darlk matter candidate y
°!°A gauge smglet pseudoscalar mediator A Imkmg the dark and SM sectors

* Loop-induced couplings to gluons (mediator production)

4 Cosmologically attractive
¢* Evasion of direct detection bounds

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

P L L I T I I R
Ve s s s E s s s s s e e e e e e e e E e e m =P

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

. 4 Benchmark
i« 2HDMe-inspired with enhanced Yukawas and tanf§ = |: ;
cu:cd:Q;yX:O5
.« Couplings that can reproduce cosmological data for weak scale masses
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yX—05C-—@ 2

140} :
SO
r/ o KK
120} By, ) /%/ /4%
e WO
1 £ 100}, ';‘ XK
V SRR < <K
60 ’ = oo 1
IR X\ — Dwarfs(2015) :
40 ' - - Dwarfs(proj.) { :

20 < ) X
100 200 300 400 500 600

. ’I‘Dl pho T et
E - % Driven by the BR behavior | /"

» Invisible A decay o
» tt effects (It and I, Ig)

Colliders

=

% Monojet and multijet + MET

% Efficient if ma > 2 mx

% Efficient below the top threshold

. % The heavy mediator region is killed ™

Summary

[ Banerjee, Barducci, Bélanger, BF, Goudelis & Zaldivar (JHEP 17) ]

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

§’3’Two regions favored by cosmology
~ % Light mediator (between red and black)

» Too light y > underabundant

» Too heavy y > underabundant (tt threshold)g

» Same behavior for Fermi-LAT results, but
shifted (present vs early universe time)

* Heavier mediator (ma > 200 GeV)

» Always some good combination of masses

% Top-antitop exclusions (DM independent)
% tt cross section (lighter A)

. % Resonance searches (heavy A)
% 8TeV still stronger than 13 TeV
. % ttA (with A invisible, NLO) subleading
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-----------------------------------------------------------------------------------------------------

< Can be probed complementarily
* Relic density
* Direct detection
* Indirect detection
* Collider searches

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

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

4 Past developments of high-energy physics tools have been crucial
< Any model of dark matter (complete or simplified) can be studied
< Higher order corrections can be included as easily
< Robust predictions < crucial for a discovery

oEEEEE DS
L
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