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Extend the Standard model by adding a mediator particle in addition to Dark
Matter.

< Dark Matter particle stable and neutral

“ The Lagrangian has to respect gauge symmetries
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Simplified DM Models Luca Mantani

Extend the Standard model by adding a mediator particle in addition to Dark
Matter.

< Dark Matter particle stable and neutral

“ The Lagrangian has to respect gauge symmetries

s-channel models t-channel models
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* Y is even under dark * Y is odd under dark

. symmetries " . symmetries
* Y is a colour singlet and ' * Y is acoloured and charged
neutral ‘ * Y is heavier than X

e Xis a SM gauge singlet ,

i

e Xis a SM gauge singlet
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DM simplified model L=Lsy+ Lpyu(Y,X)

FeynRules + NLOCT
UFO model @ NLO [Alloul et aI.y(CPC 2014); Degrande (CPC 2015).
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Simulation chain Luca Mantani

DM simplified model L=Lsy+ Lpyu(Y,X)

FeynRules + NLOCT
UFO model @ NLO [Alloul et aIY(CPC 2014); Degrande (CPC 2015).

Degrande et al. (CPC 2012)]
e MG5_aMC
Allwall et al. (JHEP 2014)

Collider signatures:
* Decays
* Parton shower

Dark matter observables:
* relic density

e direct detection

* indirect detection

e MadDM [ambrogi, CA, et al. (PDU 2019)]
° MicrOmegas [Belanger at al. (CPC 2018)] 3




The Uber-UFO Luca Mantani

~ ~

L= Lsm+ Lyin + Lr(X) + LF(X) + Ls(S) + Ls(S) + Ly (V) + Ly (V)

A very generic model with 6 dark matter candidates and 2 kind of mediators

" Field Spi Repr. Self-conj. T _ _ .
= e — 2 Lp(X) = [AeX Q!+ A Xup! + A, Xdpl +h.c.
S 0 (1,1,0) yes - /
S 0 (1,1,0) no L5(X) = [Ag¥oQX + A, uX +Ap,dX +h.c.
X X 1/2 (1,1,0) yes - o o §
X /2 (1,1,0) no Lv(X) = | Ao XQ+Atp, Xu+ Ay, Xd+h.c.
‘7“ 1 (1,1,0) yes ] ]
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A very generic model with 6 dark matter candidates and 2 kind of mediators

" Field Spi Repr. Self-conj. - _ _ .
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~ ~

L= Lsm+ Lyin + Lr(X) + LF(X) + Ls(S) + Ls(S) + Ly (V) + Ly (V)

A very generic model with 6 dark matter candidates and 2 kind of mediators

" Field Spin Repr. Self-conj.
e 0 (1,1,0) yes - -

| 0 (1,1,0) no = [Ao¥oQX + A, uX +Aah,dX +h.c.
X 1/2 (1,1,0) yes - -
/ 1/2 (1,1,0) no Ly(X)= XQQEQXQ—FS\UIZUXU—I—XddeXd—Fh.c.

Lr(X) = [AeXQu! + A\ Xup! + A Xdpl+h.c.
Ls(X)
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L= Lsm+ Lyin + Lr(X) + LF(X) + Ls(S) + Ls(S) + Ly (V) + Ly (V)

A very generic model with 6 dark matter candidates and 2 kind of mediators

" Field Spin Repr. Self-conj.

e 0 (1,1,0) yes - -
| 0 (1,1,0) no = [Ao¥oQX + A, uX +Aah,dX +h.c.

X 1/2 (1,1,0) yes - o -
/ 1/2 (1,1,0) no Ev(X)Z )\Q’(ﬁQXQ—I—)\u’(ﬁuX’LLdXd—I—h.C.
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~ ~

L= Lsm + Lyin + Lr(X) + Lr(X) + Ls(S) + Ls(S) + Ly (V) + Ly (V)

A very generic model with 6 dark matter candidates and 2 kind of mediators

" Field Spin Repr. Self-conj.
e 0 (1,1,0) yes - -
| 0 (1,1,0) no = [ Aa¥oQX + At uX +Xatp,dX +h.c.
X 1/2 (1,1,0) yes —_— o -
y 1/2  (1,1,0) no Lyv(X)= )\szQXQ+>\u¢uXudXd+h.c.
1 (1,1,0) yes ) )

1 (1,1,0) no l

AMWW = = S 'ﬁ"“j”“*‘!"‘“{“"‘"‘.‘* 3 > . DA SN >

Lr(X) = [AeXQu! + A\ Xup! + A Xdpl+h.c.
Ls(X)

} PQ = (p?d) 0 (3,2, 5) no § couplings
o 0 (3,1,2) . ', 3x3 matrices in flavc?ur space
: real and flavour diagonal
Model files and documentation are available
here:
http://feynrules.irmp.ucl.ac.be/wiki/DMsimpt

4 —MCnet
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Restrictions Luca Mantani

The model is provided with restrictions where
undesired particles and couplings are set to zero.

Name DM Mediators Parameters
S3M_uni v
33D unl X ‘Pny ‘Pufa (Pdf
—uni o
amwsed S T Each restriction has 3 free parameters.
- X PQss Pugy Pds My, My, Ay
S3D_3rd X
S3M_uR X
Puy
S3D_uR X
F3S.uni 3 Three broad classes:
Fscumi s o Ver Vs e Fermionic DM
 F3834 0§ A e Scalar DM
3y Pug, 3 Mg, My, A
F3C_3rd S ¥Qs) Yus, Va 5 T 2 e \ector DM
F3S_uR S v
F3C_uR S o
F3V_ %
e # wa7¢ufaz/jdf
F3W_uni Vu
F3V_3rd V, .
i g ¢Q37 ¢u37 ¢d3 MV) M’tpa >‘1IJ
F3W_3rd Vi
F3V_uR Vy .
F3W_uR V. o
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The model is provided with restrictions where
undesired particles and couplings are set to zero.

Name DM Mediators Parameters
S3M_uni v
S3: unl X ‘Pny ‘Pufa (Pdf

_unili . .

ammsed e R Each restriction has 3 free parameters.

g X PQzs Puzy Pds MSO, MXa >‘<P
S3D_3rd X
S3M_uR X

Puy
S3D_uR X
F3S.uni 3 Three broad classes:
e g T e v  Fermionic DM
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The model is provided with restrictions where
undesired particles and couplings are set to zero.

Name DM Mediators Parameters
S3M_uni %
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ammsed e R Each restriction has 3 free parameters.
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Restrictions Luca Mantani

The model is provided with restrictions where
undesired particles and couplings are set to zero.

Name DM Mediators Parameters
S3M_uni X
‘Pny ‘Pufa (Pdf
S3D_uni o
' _S?jM_:Ii:_ B Each restriction has 3 free parameters.
~ X PQ3s Puzs Pds My, My, Ay
S3D_3rd X
S3M_uR X
Puy
S3D_uR X
F3S.uni 3 Three broad classes:
Facuns 5 o Yer Ve  Fermionic DM
 F388d 0§ . e Scalar DM
) Yug, Yaz Mg, My, A
F3C_3rd S ¥Qs: Yus» Ya S0 e A e \ector DM
F3S_uR S v
F3C_uR S o
F3 ° ¥4 > :
m@ T g g g coupling to all quarks
uni m
v :
F3 "/u Gou Buns b My, My, Ay » coupling only to b and t quarks
F3W_3rd f
F3 Ve o » coupling only to quark up-right
F3W_uR Vi

5 —MCnet



Dark Matter observables Luca Mantani

Relic abundance
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Direct Detection

These observables can severely constrain the parameter space of the model and help

identify interesting regions of the parameter space for the LHC
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Lxwr(X) = [)\LPXWSOL + h.c.]

Direct detection analytic expressions [Hisano et al. (JHEP 2015)]
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Example: SBM_uR model Luca Mantani

Lxwr(X) = [)\LPX'ulgoil + h.c.]

Indirect detection
e LO: helicity suppression

e NLO: dominant, sharp signal

Virtual internal bremsstrahlung (VIB)

X —9q
Y‘:\/\/\/\/y A lﬁ/'ﬂ/ A‘J\‘\N
X < q < <
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Lxwr(X) = [)\LPXMQOL + h.c.]

Indirect detection
e LO: helicity suppression

e NLO: dominant, sharp signal

Virtual internal bremsstrahlung (VIB)

X —9q
Y‘:\/\/\/\/y A lﬁ/'ﬂ/ A‘J\‘\N
X < q < <

Loop-induced diphotons

X Y



Example: SSM_uR model
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Lx wr(X) = [)\LPX’UJHOL + h.c.]

Indirect detection
e LO: helicity suppression

e NLO: dominant, sharp signal

Virtual internal bremsstrahlung (VIB) 107
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VIB analytic expression [Giacchino et al. (JCAP 2014)]
Gamma-ray line expression [Giacchino et al. (JCAP 2013)]

8 Experimental constraints from [Garny et al. (JCAP 2013)]
Numerical computation with MadDM and NLO UFO files
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Direct detection constraints

Sl direct detection

Luca Mantani
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Direct detection constraints Luca Mantani
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Collider phenomenology Luca Mantani

MET + jets
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MET + jets
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MET + jets
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MET + jets
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Collider phenomenology Luca Mantani

MET + jets

pp_>XX Y:: Y:: I ,
op —> XY, Y —> X op —> YY, Y —> X]

Careful handling of resonances at @NLO needed.
Use of MadStr Plugin in mg5_aMC [Frixione et al. (JHEP 2019)]




Simulation prescriptions Luca Mantani

mg5_aMC —mode=MadSTR
generate p p > X X [QCD]
generate p p > XY [QCD]
generate pp > Y Y [QCD]
decay Y > X |

Simulate processes separately
MadSTR takes care double counting

In the prescription used, we removed all square resonant diagram

Interferences of resonant and non resonant are kept

@ R %MCnet
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mg5_aMC —mode=MadSTR

generate p p > X X [QCD] Simulate processes separately

t XY [QCD i
8222@@ E E i YY EQCD% MadSTR takes care double counting

decay Y > Xj

In the prescription used, we removed all square resonant diagram
Interferences of resonant and non resonant are kept

Shell commands in MG5_aMC@NLO for pp —> XX using MadSTR

import model DMSimpt-S3D _uR --modelname ]
generate p p > xd xd~ / yf3qu1 yf3qu2 \ Important to forbid decoupled

yf3u3 yf3d1 yf3d2 yf3d3 ys3qu1 ys3qu2 \

ys3qu3 ys3qd1 ys3qd2 ys3qd3 ys3u2 ys3u3 \
ys3d1 ys3d2 ys3d3 xs xm xv xc xw a z [QCD]

output

i —MCnet
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g v X QCD contribution dominates
Independent of DM mass and coupling

@ 2 %MCnet



Mediator pair production Luca Mantani

g v X x a. (Born) QCD contribution dominates
. v X i Independent of DM mass and coupling
q
q
q
Y X 2 If DM coupling sizable
X A
. N X e (BON) t-channel exchange of DM is relevant
Y q

@ E %MCnet



Mediator pair production Luca Mantani

g v X x a. (Born) QCD contribution dominates
. y X i Independent of DM mass and coupling
q
q
q
Y X 2 If DM coupling sizable
X A
. N X e (BON) t-channel exchange of DM is relevant
Y q

Mixed order interference@NLO problematic

1. Simulate Y Y production to get the pure QCD
NLO contribution

2. YY production with DMT==2 and QCD==0
coupling computes t-channel dominant
contribution

3. Simulate interference at LO and reweight by
geometric mean of k-factors (QCD and t-

channel) bin by bin '
B
@ 12 —MCnet




Case study: S3D_uR model

Luca Mantani

ST

mx=150 GeV

my=500 GeV

S2

mx=150 GeV

my=1000 GeV

13
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Luca Mantani

ST

mx=150 GeV

my=500 GeV

>
©

t-channel contribution
to YY sizable

S2

mx=150 GeV

my=1000 GeV

>

©

)
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Case study: S3D_uR model Luca Mantani

> t-channel contribution
-—’ )
to YY sizable

=150 GeV |(ny=1000 GeV) i
S2 mx e ( EN\\, Heavy mediator, closer to actual
SUSY bounds

ST mx=150 GeV = my=500 GeV

[
©

]

—_

>
|
—_

@ 8 %MCnet



Case study: S3D_uR model [Luca Mantani

t-channel contribution
S mx=150 GeV | my=500 GeV |( A, =1 .
to YY sizable
S2 mx=150 GeV |(my=1000 GeV \)\‘Q |
. Heavy mediator, closer to actual
SUSY bounds
Scen. XX [fb] XY [fb] YY (total) [fb] YY (QCD) [fb] YY (t-channel) [fb]
S1 | 775.3%08% £1.9% | 16171552 £1.0% | 473.51238% £3.0%  324.27352% £34%  261.5T11% £25%
S2 | 12207280 +19% | 7417203% +1.2% | 7.4527198% +56%  3.5457373% £7.2%  6.93911L0% £ 5.0%
S1 | 920811920 +£1.9% | 22127592 +£1.0% | 64847507 +£31% 48471107 +34%  314.1728% £25%
S2 | 139.1713%+£20% | 101.8T80% +12% | 9.8887S°% +£58%  5.303T112°+74%  8.74913 5% £4.9%
N '////
8 —MCnet
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t-channel contribution
to YY sizable

S2 mx=150 GeV  (1n=1000 GeV NAQ .
. Heavy mediator, closer to actual
SUSY bounds

ST mx=150 GeV = my=500 GeV Ao =1

Scen. XX [fb] XY [fb] YY (total) [fb] YY (QCD) [fb] YY (t-channel) [fb]
0.4% 16.5% 23.6% 34.2% 7.1%

S1 77531 0 gor £1.9% | 16177 522 £1.0% | 473.5725:0% +£3.0%  324.21502% 4+34%  261.5771° +25%
+1.8% +20.3% +19.8% +37.3% +11.1%

S2 122.012-8% +1.0% | 741F203% +1.0% | 7.452F198% +56%  3.5451373% +7.2%  6.939F1L1% +5.0%

S1 929.8T19% 1+ 19% | 2212759% L 10% | 6484183072 131% 484771077 £ 34%  314.112:6% 1 25%

—-1.3% —6.3% —9.2% 12.4% —2.6%

+1.3% +6.0% +6.5% +11.2% +3.6%
s2 | 139.1713%+20% | 101.8780% 0.888785% +58% 530371222 +7.4%  8.749735% 1+ 4.9%

Uncertainties from parton density fit

3 %MCnet
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Case study: S3D_uR model

t-channel contribution
S1 mx=150 GeV | mv=500GeV (A, =1 .
to YY sizable
S2 mx=150 GeV  (11v=1000 GeV NAQ .
. Heavy mediator, closer to actual
SUSY bounds
Theoretical scaIAe uncertainties
Scen. XX [fb] XY [fb] YY (total) [fb] YY (QCD) [fb] YY (t-channel) [fb]
S1 | 775.3104% +1.9% 1617@ 1.0% | 473.57235% £3.0%  324.27332% £34%  261.5171% +25%
S2 | 12207280 +19% | 7417203% +1.2% | 7.4527198% +56%  3.5457373% £7.2%  6.93911L0% £ 5.0%
S1 | 920811920 +£1.9% | 22127592 +£1.0% | 64847507 +£31% 48471107 +34%  314.1728% £25%
s2 | 139.173% +£2.0% 0.888T5 5% £58%  5303T122%0+74% 874973 5% +4.9%

+6.0%

Uncertainties from parton density fit

13 %MCnet



Case study: S3D_uR model Luca Mantani

+6.0%
10184507

t-channel contribution
S1 mx=150 GeV | my=500 GeV |( A, =1 .
to YY sizable
S2 mx=150 GeV  (1n=1000 GeV NAQ .
. Heavy mediator, closer to actual
SUSY bounds
Theoretical scaIAe uncertainties
Scen. XX [fb] XY [fb] YY (total) [fb] YY (QCD) [fb] YY (t-channel) [fb]
S1 | 775.3104% +1.9% 1617@ 1.0% | 473.57235% £3.0%  324.27332% £34%  261.5171% +25%
S2 | 12207280 +19% | 7417203% +1.2% | 7.4527198% +56%  3.5457373% £7.2%  6.93911L0% £ 5.0%
S1 | 920811920 +£1.9% | 22127592 +£1.0% | 64847507 +£31% 48471107 +34%  314.1728% £25%
s2 | 139.173% +£2.0% 0.888T5 5% £58%  5303T122%0+74% 874973 5% +4.9%

Uncertainties from parton density fit

Benefits of NLO
Large K-factors: avoid underestimating the signal

Reduction of theoretical systematic uncertainties

13



Collider constraints: S1

do/dp; [fb GeV ']

my =150 GeV, my =500 GeV, Vs =13 TeV
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my =150 GeV, my =500 GeV, V's =13 TeV
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Collider constraints: S1 Luca Mantani
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YY [QCD] 63.0729-9 %  €[300,350] GeV | 88.3733 % € [300, 350] GeV
YY [t-channel] 70.87220 % € [300,350] GeV | 87.2719 % € [300,350] GeV
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Summary and outlook Luca Mantani

* DMSimp-t framework provides a flexible tool to perform comprehensive
analyses

 UFO provided with several DM candidates and restriction to specific
models

e Astrophysical and cosmological constraints can help identify viable regions
of parameter space

* NLO QCD corrections are relevant at colliders and should be included

e Special care is needed in simulations for colliders to combine the different
channels

 Both NLO and combination of channels are crucial to set robust exclusion
bounds

e Part of an on-going effort with a focus on the pheno for all models,
complementary between cosmology & LHC and the potential of LHC &
future colliders to distinguish between different models.
[M. Kramer, B. Fuks, C. Arina, K. Mawatari, L. Panizzi, J. Heisig, LM,
H. Mies, J. Salko]
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