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-> Simplified Models of Dark Matter:
DM + t-channel or s-channel mediator
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Simplified s-channel models for Dirac DM:
(assuming Minimal Flavor Violation )

= Spin-1 mediator:

q 8 x(my)
!/ — ] —
»Cvector — _gDMZMX'V'UJX — Yq Z ZMQVHQ7
q:u,d,s,c,b,t 89 SDM
) _ ) _ 4 A(Mmed)
£axia1—vector — _gDMZMX7M75X — Yq Z Z,uq/y'ufyf)q .
q:’LL,d,S,C,b,t q X(m?(>

= Spin-0 mediator:

_ ¢ _ _

q:u?d787c7b7t X
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pseudo-scalar — —1gDM ¢X75X — 14q \/§ Yq4q754 , X
q:u7d78?c7b?t
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Simplified s-channel models for Dirac DM:
(assuming Minimal Flavor Violation [D'Ambrosio et al. 2002])

= Spin-1 mediator: [LHC DMWG: 1603.04156] q . o
»Cvector — _gDMZ;J_(/V'uX — Yq Z Z;/Lgfy'uq)
q:u,d,s,c,b,t 8q 8DM
;o ;) _ 4 A(Mmed)
Lasxialvector = —9DMZ XV X — 90 Y Zudr"¥5q.
q:u,d,s,c,b,t q X(m)()

= Spin-0 mediator:

_ O -
£scalar — —gDbM ¢XX — Yq E Z YgHdq ,
—tydyinerb,t

. _ ) _
Epseudo—scalar — —1gDM ¢X’75X — 14q ﬁ Z Yq4q754
q=u,d,s,c,b,t

m¢ > mq > Top-philic Dark Matter [DM Forum: 1507.00966]
[see also e.g. Buckley et al. '14; Haisch et al. "I 5; Harris et al. '14]



Top-philic simplified DM model
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Four free parameters: g+, gx, mx, My



Top-philic simplified DM model

Four free parameters: g+, gx, mx, My

Arise from UV complete theories!?

= Yo could be part of an SU(2) doublet
- 2HDM with a large degree of alignment cos(8 — «) ~ 0

[see e.g. Craig et al. 'l 3; Carena et al. ' 3]

= Yo SM singlet
-> Higgs-Portal model

Additional phenomenological aspects
[see e.g. Kim et al. '08; Baek et al. '| |, '14; Lopez-Honorez et al. '12; Khoze et al. '15; Ko, et al. 'l 6]



Plethora of signatures
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Plethora of signatures - one framework:

This work: comprehensive study

Cosmology relic - <[: mx < My Planck, FermiLLAT
indirect
Astrophysics | ‘ M ad D M
mx > 1 GeV LUX, CDMSLite
FeynRules
Yo— (g, 2Lt XX ) Y ~ T
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How to scan over the parameter space!

= Recommendation for LHC results:
Show mmed-mpm plane, slices in two couplings

= Other choices: consider width and product of couplings

Here:

= Vary all four parameters scanned with MultiNest
(nested sampling algorithm) [Feroz et al '13]

= Fitting DM relic density constraints [Planck collaboration 'I 5]
(freeze-out within model and standard thermal history)

= Present various projections  MuwriNest parameter  Prior

log(mx/ GeV) 0—3
log(my/ GeV) 0— 3.7
log(gx) —4 — log(m)

log(g) —4 — log(m)




Relic density constraints
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Relic density constraints
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Relic density constraints
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Relic density constraints

/

XX - YoYy (I T

.............................................

h : 42 gl /S . 1
h \
i ¥ ‘oeh ; . :
2 e, b i / .
p 7 4
' . 2 (‘ r"P // .
P A L - Ya 4 . )
v st B | % 7, : :
= < P y 5 g g . .
" » A g
5 % - J A Y, : :
' 5 j /
A R¥ 7/ . .
'S8 e .8 4 :
1 4 V4 4 X
> i A Y, P B
° o ) 1.9 4 4 4 .
- . . Y, i N
L5, . e 0p o 4 . .
1y - e > /.' A4 . . N
. 4 " V4 4 . .
*Lg e | ; O I . . . 1
AVAVAV) Ck RN s i Ay 4 : : |
a2 el Y e § . /. X X
i B TR e Y 4 . ’ 4 . . 1
R A TS g Y 4 . .
= ol e / Yy 4 . .
______ - i LY P i 4 7 . .
A . e / z/ . .
S ; 4 7 . . .
- ¢ - iy / 4 . 1
2R 9 Y /. 4 X . . FY
7 g . . <
A\ . : <. vy SU
. " - : Y -
e Y /';

10° 10t 102 103

my [GeV] [Computed with MadDM,
checked with mircOMEGAs]

LR AL

5
b o

S
=
A
E
S
h<

s
-----------"‘:'m"(‘.@"

-3.5




Relic density constraints
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Direct detection bounds
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Indirect detection bounds
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= p-wave suppression for all annihilation processes for scalar mediator

= For pseudo-scalar mediator only process (lll) p-wave suppressed



my [GeV]

Cosmo & Astro constraints
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Collider searches



Collider searches

my > 2my +it
Fr L
Colliders :]> ****** < my > 2mx +7, +Z, +h
R my > 2my 4

no ET 000000 ———
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Final state | Imposed constraint Reference Comments

Fr+tt MadAnalysish PAD (new) CMS [1504.03198] Semileptonic top-antitop decay
Er+j MadAnalysis5 PAD (new)  CMS [1408.3583]

Er+Z o(Er > 150 GeV) < 0.85fb  CMS [1511.09375] Leptonic Z-boson decay

Er+h o(Fr > 150 GeV) < 3.6fb  ATLAS [1510.06218] h — bb decay

Jj o(my =500 GeV) < 10pb  CMS [1604.08907] Only when my > 500 GeV

0%} o(my =150 GeV) < 30fb ~ CMS [1506.02301] Only when my > 150 GeV

tt o(my = 400 GeV) < 3pb ATLAS [1505.07018]  Only when my > 400 GeV

tttt o < 32fb CMS [1409.7339] Upper limit on the SM cross section




Collider searches

Mediator production
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Collider searches
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Total cross sections [pb]

Collider searches

Dark Matter production (8 gx =(1.4)
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Collider searches

my > 2my +it
Fr L
Colliders :]> ****** < my > 2mx +7, +Z, +h
R my > 2my 4

no ET 000000 ———
:]> —————— < my > 2my tt
:]> ffffff <[: my < 2mx,2m; i, vy

Final state | Imposed constraint Reference Comments

Fr+tt MadAnalysish PAD (new) CMS [1504.03198] Semileptonic top-antitop decay
Er+j MadAnalysis5 PAD (new)  CMS [1408.3583]

Er+Z o(Er > 150 GeV) < 0.85fb  CMS [1511.09375] Leptonic Z-boson decay

Er+h o(Fr > 150 GeV) < 3.6fb  ATLAS [1510.06218] h — bb decay

Jj o(my =500 GeV) < 10pb  CMS [1604.08907] Only when my > 500 GeV

0%} o(my =150 GeV) < 30fb ~ CMS [1506.02301] Only when my > 150 GeV

tt o(my = 400 GeV) < 3pb ATLAS [1505.07018]  Only when my > 400 GeV

tttt o < 32fb CMS [1409.7339] Upper limit on the SM cross section




MET searches



MET+top-quark pair (NLO)

» Recasting of CMS 1504.03198 tt+MET (semi-leptonic) in MAS
= 3 benchmark scenarios: moderate K-factor, reduced scale uncertainies

pp—ttXX, Vs=8 TeV #iXX constraints (g, =g, =4; NLO; 8 TeV LHC )
300 1 1 1 ‘
10 Scenario I ~LO All points
- =NLO -+« Excluded points (40% CL) 3 |
- 2301 ... Excluded points (68% CL)| N A
1 . Excluded points (95% CL)
= Scenario I1 Z L R s S S
= <
B [}
1 O 150
107 .
= =
- T 100}
102 £ 5
- 50:7:7.77...,..;,..7. )
_I L1 1 | Ll 1 1 | Ll 1 1 | L1 1 1 | L1 1 1 | Ll 1 1 | Ll 1 1 | L1 1 1 | Ll 1 1 | Ll 1 1 0::.
0 S0 100 150 200 250 300 350 400 450 500 0
E, [GeV]
(my, mx) oLo [pb] CLro [%]  onvro [pb] CLxro [%]
@ (150, 25) GeV  0.6581319%  98.7t08% — 0.7731%,'% 95,012 7%
@ (40, 30) GeV  0.7767342% 74 7TI0TR  0.92673 7% 84.2704%
IIT) (240, 100) GeV  0.18737%  91.6762% ~ 0.216767%  86.573 57
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pp — XXj, Vs=8 TeV

MET+jet (LO loop-induced)

= Recasting of CMS 1408.3583 jet+MET in MAS
= 3 benchmark scenarios:

Monojet constraints (g, =g, =4; 8 TeV LHC)

—— (m_m ) = (100,10) GeV All points
- _ .+ . Excluded points (40% CL)
(m,m_) = (100,100) GeV 550l ! 2 ]
-+« Excluded points (68% CL)
(mY,mX) = (300,10) GeV

. Excluded points (95% CL)

L1 IIII|IIII Ll 1 | Ll 1 | Ll 1 | L1 IIII|IIII L1 |
50 100 150 200 250 300 350 400 450 500

(my, mx)

oLo [pb]

@ (100, 10) GeV

@ (100, 100) GeV ~ 0.00261

I11

(300, 10) GeV

0.605

0.194

E, [GeV]

» Higher senstivity for mono-jet than tt+MET
s {t+MET gains from higher CM Energies



Mono-Z and mono-Higgs

» | eptonic mono-Z search CMS [1511.09375]
= Mono-Higgs (bb) search ATLAS [1510.06218]
» Parton-level analysis compared to upper limits:

1073 1073

8 TeV LHC — without cuts

8 TeV LHC — without cuts
(mY7mX ) :(100710) ’ (gt 99X ) :(171)

(mY’mX ) :(100’10) ’ (gtagX ) :(171)

- - with cuts - - with cuts

=
o
IN
=
ol
IN

o per bin [pb]
S

o per bin [pb]
o

=

o
)
T

1075 100 200 300 200 500 105 100 200 300 200 500
Bp[GeV] pr(by0,) [GeV]

» Couplings g; > 2 excluded for my > 2mx with my < 100 GeV
= Promising for future analysis
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Mediator searches

Reference

Comments

Final state | Imposed constraint

57 o(my = 500 GeV) < 10pb
0% o(my = 150 GeV) < 301b
tt o(my =400 GeV) < 3pb

tttt o < 321fb

CMS [1604.08907]
CMS [1506.02301]

ATLAS [1505.07018]

CMS [1409.7339]

Only when my > 500 GeV
Only when my > 150 GeV
Only when my > 400 GeV
Upper limit on the SM cross section

Yo =) 8 ag ~ 10-3

'Yy —g9) 9a2

= Nevertheless: di-photon
more relevant than di-jet

= | ow mass range required

1.0+

Resonance search constraints on top-philic DM

= Photon BR always suppressed by

8TeV LHC; B(Y, —XX) =0

400 600 800 1000 1200
my [GeV]



my [GeV]

Combined constraints

LHC constraints on top-philic dark matter

103: g T
s 5 v
v
102.— """""""""""""""" o v S &'/’ """ B
| ' ¢ |
' 5 <, e "
/‘(@' ¢' |
| 0 0 .
: ¢’
2] P ' E
e )
1 L, 7 '
10 SRR " ..... "&i ................................... lg ...................
i 'O' P : 1 : ]
e pr Relic Density, DD bound, Ty /my <0.2 |
o ," § Excluded points by tttt (95% CL)
'¢' Excluded points by tt (95% CL)
ol e y Excluded points by vy (95% CL)
10‘0 "ll ' 'IHHIZ ' 'l"””|3
10 10 10 10



Combined constraints

LHC constraints on top-philic dark matter

10°|

10%|

E‘ "_’ "vf((\)? : (a\|l
) ¥ 4
1 L 7 1
10 SRR " ..... "&i ................................... lg ...................
h §
I L 4 " : 1 : ]
’o' pr Relic Density, DD bound, I'y-/my <0.2 |;
o o |
'¢' 7 e ¢+ Excluded points by tttt (95% CL)
(5 '¢' « Excluded points by tt (95% CL)
P S 5 o ¢« Excluded points by ~vy (95% CL)
0 1 2 3
10 10 10 10



Summary

= Comprehensive analysis of collider physics and DM observables
within FeyRules-MadGraph framework + MultiNest

= Considered Top-philic scalar mediator model

= Striking complementarity between various constraints

= Relic density constraint:

- Resonant region my ~ 2mx or light mediator my < mx

-> Low sensitivity for MET searches

= Mediator searches promising, however, low masses unchallenged
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FeynRules model database

This page contains a collection of models that are already implemented in FeynRules. For each model, a complete model-file is available,
containing all the information that is needed, as well as the Lagrangian, as well as the references to the papers were this Lagrangian was
taken from. All model-files can be freely downloaded and changed, serving like this as the starting point for building new models. A TeX-file
for each model containing a summary of the Feynman Rules produced by FeynRules is also available.

The Standard model model-file is already included in the distribution of the FeynRules, but it can also be downloaded independently from the
corresponding link below.

We encourage model builders writing a FeynRules implementation of their model to make their model file(s) public in the
FeynRules model database, in order to make them useful to a community as wide as possible. For further information on how
to make your model implementation public via the FeynRules model database, please send an email to

neil@...
celine.degrande@...
claude.duhr@...
benjamin.fuks@...

Available models

Standard Model The SM implementation of FeynRules, included into the distribution of the FeynRules package.

Several models based on the SM that include one or more additional particles, like a 4th generation, a
second Higgs doublet or additional colored scalars.

Simple extensions of the SM
Supersymmetric Models Various supersymmetric extensions of the SM, including the MSSM, the NMSSM and many more.
Extra-dimensional Models Extensions of the SM including KK excitations of the SM particles.

Strongly coupled and effective

field theories Including Technicolor, Little Higgs, as well as SM higher-dimensional operators, vector-like quarks.

Miscellaneous

NLO Models ready for NLO computations



http://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage
http://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

http [/feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

feynrules.irmp.ucl.ac.be/wiki/DMsimp

DMsimp Start Page Index History

Simplified dark matter models

Last modified 3 weeks 800
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Authors

+ schamel FeynRules

o Antony Martini (Université catholique de Louvain) & Kentarou Mawatari (LPSC Grenoble)
» Emails: kentarou.mawatari @ Ipsc.in2p3.fr
* s-channel (electroweak)
o Jian Wang (Johnnas Gutenberg University of Mainz) & Cen Zhang (Brookhaven National Laboratory)

« Emails: cenzhang @ bnl.gov
MadDM
Description of the model . MGS&MC
This is simplified dark matter models for NLO. Our lagrangian consists of different types of DM: m IC ro M EGAS +

e Xr (real scalar DM)
e Xc (complex scalar DM)
« Xd (Dirac spinor DM) P th ia
* Xm (Majorana spinor DM) (to be done.) y
e ...
and different types of mediators: +
e s-channel
o YO (spin-0) Del PheS
o Y1 (spin-1)
o Y2 (spin-2) [to be done.] +
o ...

¢ t-channel [to be done.]

One can find the model lagrangian in the note. See more details in M adAnaIys I SS

»1508.00564 : O. Mattelaer, E. Vryonidou, "Dark matter production through loop-induced processes at the LHC: the s-channel mediator case".

L

e +1508.05327 : M. Backovic, M. Kramer, F. Maltoni, A. Martini, K. Mawatari, M. Pellen, "Higher-order QCD predictions for dark matter production at the LHC in simplified
models with s-channel mediators".

e +1509.05785 : M. Neubert, ). Wang, C. Zhang, "Higher-order QCD predictions for dark matter production in mono-Z searches at the LHC".
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