.
.
»
»
»
»
»
»
»
.
a »
.
»
»
.
.
»
.
.
.

UCL

Universié Catholique de Louvain

Mihailo Backovi

C

(CP3-UCL)




-

-
. —

-. Lo ‘;\ - --'_".\\ - S ; /"/A' ‘:'/..’-
The (Inconvenient):Truth.

We have many hints DM exist, but no direct evidence!

f particle DM exists, what do we know about it”

. Mass = 77?7
. Spin = 277
Dark . Decays = 777
Matte r. . Interactions = Gravity, 77?7

. Elementary = 7?77

DM could In principle only interact gravitationally. ..
... In which case, the rest of
this talk is completely useless
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\We do not have any sense of scale associated with dark matter’!

Large number of viable models, spanning many orders of
magnitude in dark matter mass and interaction strength.

. ate particles WI M PS:
e Neutralino ,smm
0. KK photorf

10° 1 9 el Dranon
00 10.1038/NPHYS404 TP

Some dark matter can

Neutrinos

B Black hole

Axion

10727 Super WIMPs:

-30 _
10 Fuz_zy CDM l Gravitino
4 e KK graviton
——

N atiny portion of the  {
- available model space. |
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The onvenient):Truth.

\We do not have any sense of scale associated with dark matter’!

-or rapid progress on the theory side
DM tools need 1o pe:

1. Comprehensive
2. Integrated (Inheritance)

3. Accurate/Precise (NLO)

uzz
] .

avallable model space. |



_Comprehensive DM tools——=.

You can “attack” dark matter from many directions...

Experiments Example process measured
LUX, Xenon, LZ... p/n X — p/n X
AVS, FERMILAT ... XX > €e'€e , PP, 7Y
LHC, beam dump... pp — XX+j? Z77‘“
WMAP, Planck ... xx — all




You can "attack” dark matter from many directions. ..

Experiments Example process measured

\

Direct Detection \ LUX, Xenon, LZ... p/ nx — p/ n X

W\
\ \
\
]
\
\\

FERMI/LAT ... XX —>€e e ,pp, vy

INdirect Detection A

Colliders

Cosmology

\ /
\ ;- _ 5
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-~ Comprehensive DM:tools= <.

Comprehensive DM tools need to be able 1o
calculate all possible signatures while taking Into
account complex parameter spaces!

Indirect Detection S, FERMI/LAT ... XX — € € , pp, VY

Colliders
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Plethora of signatures:

Sl o

Cosmology relic <[: mx < My Planck, FermiLAT
indirect

Astrophysics mx > my
direct mx >1GeV  LUX, CDMSLite

¥ = my > 2mx +tt
T 000000 ——
'\I\N\‘ .
Colliders | | p < my > 2mx +Jj, +Z, +h
-< my > 2my 4t

no ET “TEOOEO
:j> ffffff < my > 2my tt
:]> ,,,,,, <[: my < 2mx,2my  jj, vy

C. Arina. et. al. JHEP 1611 (2016) 111




LHC constraints on top-philic dark matter

3 C. Arina. et. al. JHEP 1611 (2016) 111
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i P 'O | '
'¢' ',g' Relic Den5|ty DD bound, Fy/my <0.2
S S e o« Excluded points by tttt (95% CL)
4 : _
3G '¢' 5 « * o Excluded points by tt (95% CL)
o’ | « * o Excluded points by vy (95% CL)
1000' J' 5 ..i . . . PR . i PSR |
0 1 2
10 10 10

| Th|s study I1s an proof of prmmple that automated
| comprehenswe studles of dark matter models are W|th|n reach'




FeynRules, LanHEP...

Model files Already
SusyHIT, ISAJET (for SUSY). .. linked very
Spectrum/decay well for

MadGraph, Sherpa,
CalcHEP, CompHEP,

many tools!

POWHEG... .
/ Pythia, HERWIG,  HMSESERCIEEIEtLY
Whizard. .. Showering &

Hadronization

9

PGS, Delphes,
GEANT...

?

9 Detector sim.

Astrophysical Signatures

Ofellile[sI@SIe[aINIERM MadAnalysis,

Checkmate,

: - ATOM,
Parameter scanning Cosmological Fastlim

Signatures

What about these?!



Agile DM tools start here,

FeynRules, LanHEP... and build on existing
Model files collider tools!

SusyHIT, ISAJET (for SUSY)...

(MadDM, micrOMEGAS)

MadGraph, Sherpa,
CalcHEP, CompHE/s

POWHEG... .
/ Pythia, HERWIG Proces Generation /

Whizard. . Showering &

Hadronization
H5S, Delphes,

| . Detector sim.
Astrophysical Signatures

Ofellile[sI@SIe[aINIERM MadAnalysis,

Checkmate,

: - ATOM,
Parameter scanning Cosmological Fastlim

Signatures

What about these?!



DM tools ecan and should inherit features of collider tools
e.g. MadDM and micrOMEGAS):

(LO) MadDM

(LO) MadGraph —l

“Automatic”

(NLO)

MG5_aMC@NLO (NLO) MadDM

Development

- typically requires a high degree of tool integration
- demands that we rethink how to code the tools.

tExampIe Issue: Does the dwergence Subtracﬂon Scheme / |
,‘ matnx element mtegrahon vvork for |n|t|a| States vv|th v~ 1() 67 |
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Integration of MadDM W/ MG5-aMC@NLO.

MadDM is now a MGS plugin (took a long time and required some
structural changes both in MadDM and MG5_aMC@NLO)

This means that you can install it using the MG5 interface

MG5_aMC> install maddm

t also means that MadDM now inherits the features of MG5

% Automatic resonance width computation

DECAY 54 AUTO # WYO

% Integrated parameter scans
54 scan:range(100, 1000, 100) # MYO

% Ability to do calculations at NLO / Loop induced!



Integration of MadDMW/-MG5-aMC@NLO

We also completely revamped the interface

import model DMsimp_spinO_LO_UFO
define darkmatter xd

generate relic_density

generate direct_detection

generate indirect_detection b b~
add indirect_detection a a

output DMsimp
launch

We still need to finish the astro-physical part for the
ID (cosmic ray flux/propagation)!




Integration of MadDMW/-MG5-aMC@NLO

The result of launch feels and looks like a MG5 run:

Here 1s the current status of requested run
* Enter the name/number to (de-)activate the correspond1ng feature
1. Compute the Relic Density relic = ON
2. Compute Direct Detection direct ON
3. Compute Directional Detection directional ON
4. Compute Indirect Detection indirect ON
You can also edit the various 1input card:
* Enter the name/number to open the editor
* Enter a path to a file to replace the card
* Enter set NAME value to change any parameter to the requested value
4. Edit the model parameters [param]
5. Edit the MadDM options [maddm]

A standard output:

¥x*x RESULTS ***
relic density
x_f
sigmav (xf)
sigmaN_SI p
sigmaN_SI n
sigmaN_SD p
sigmaN_SD n
Nevents
smearing .00e+00
Indirect detect1on cross section at le-03: 2.33e-09+-4e-12

.69e+04

.00

.35e-15 GeV”"-2
.74e-19 GeV"-2
.81e-19 GeV"-2
.17e-34 GeV"-2
.01e-33 GeV"-2

.25e-07
.07e-10
.09e-10
.62e-25
.82e-25

@I—‘NhNNI—‘U‘IOO



VG plugins are great, but the framework could
De Improvement.

MadDM
(relic density, direct
/ detection, indirect
5 detection...)
MadAnalysis r?
hypotesis testing \

MG5_aMC@NLO

(jet + MET, ttbar...)



VG plugins are great, but the framework could

De Improvement.

MadAnalysis Data sharing
hypotesis testing ‘module”

\ MG5_aMC@NLO

MadDM

(relic density, direct
detection, indirect
detection...)

(jet + MET, ttbar...)

Different plugins/codes should be able to
“communicate” efficiently!
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‘DM at. |h r Order=

There are currently two leading (but not only) reasons to
go to higher order in perturbation theory in DM physics:

1) Precision
(at the moment) mostly for colliders

?) Loop Induced processes

relevant for colliders, relic density,
iNdirect detection. ..
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DM at.Higher Order<—— .~
1) Precision
Mostly studied in the context of simplified models. (NLO in QCD)

e.g. SI\/I+DI\/I+mediatord

e my > 2mx +tt
ET BT
V\J\I\[\J .
:]> ------ < my > 2mx +7, +Z, +h
-< my > 2my 4t

no ET TOOO00
:]> —————— < my > 2Mmy tt
ij> ______ <TW my < 2mx,2ms  jj, VY



DM at Higher Order <
1) Precision
Mostly studied in the context of simplified models. (NLO in QCD)
e.g. SI\/I+DI\/I+mediatord

W

E Precision not paramount for relic density

and indirect detection
(very large systematic uncertainties from cosmology ano
— astro-physics)

BT
no Ko
:]> —————— < my > 2Mmy tt
ij> ______ <TW my < 2mx,2ms  jj, VY
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DIV at.High

Higher order corrections affect overall rates, distribution
shapes and scale dependence:

T | : T T : T 10-3 : . : . : . : . | . .
- Pp—XX+j at the LHC13 LO + PS ' - pp—XX+tt at the LHC13 LO —
15 L NLO 4+ P 8 NLO + PS — 4 [ NLO —
+ i i i
I YTHIA (MY, my) = (100, 1) GeV - _ Fixed order NLO
= 10 | i =
£ : - [= .
-8 i 4|_|_|7 1 O 104 — _“_Iﬁ\\—‘_l_l_i—_l‘_.
s | S ER] — s
© 5t 1: © (my, my) = (10, 50) GeV 1%
_ 1 I
£ (9% 9sm) = (1, 1) g
| vector mediator 1% pseudo-scalar mediator §
0 — | | | i 107 i i i |
O : o 04F —
0.2 : =
% i ieieieelelllllullebeteisaiaeintnininisinliviviininiolviviieieiolotpipp el - % 0.2 L N vy
o O T . o og . g
« ___ _________________________________________________________________ (4] . [ T 3
8 -0.2 (C/)) 0.4 - ]
_of I I I I — 2] = ; = ; = ; = ; = E
e : 2 15 :
- O - ]
§ 15 T sy Mttt s S
X 1 X o5t [ oo T T S 3
) -1 0 1 2 300 400 500 600 700 800
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Scale dependence is important for interpretation of the LHC
dark matter searches!

itXX constraints (g, =g, =4;

LO; 8 TeV LHC)

ftXX constraints (g, =g, =4; NLO; 8 TeV LHC )

600

300 ! g 300 ,
All points All points
. . Excluded points (40% CL) .+ . Excluded points (40% CL)
23011 ... Excluded points (68% CL) | - 23011 ... Excluded points (68% CL) [
. Excluded points (95% CL) . Excluded points (95% CL)
200 =+ e 200f e N S L
=~ =~
3, 3, :
< 2\ O 150 ;
. X . E
s : jeseechs bos o] S :
100 e .................. , ......:..........,.....:::: .......... I ] 100
50_ , e B e e et ..................................... 50 ..
OO 160 260 360 4(l)0 560 600 00 160 500
my [GeV]
(my, mx) oLo [pb] onLo [pb]

I (150, 25) GeV
(40, 30) GeV
(240, 100) GeV

I1
I11

0.658 3497
0.77613427%
0. 187+37 1%

—24.0%

—24.1%

—24.4%

1 0.926+5:7%

%
0.77315.7%,

10.4%

+6.7%
0.216 777 o,

T i i
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DM at Higher Order.—

Mostly studied in the context of simplified models. (NLO in QCD)

Publication Mediator (s-ch.) DM Interactions
arXiv:1508.05327
(Backovic, Kramer, Maltoni, S, PS,V. PV Dirac, Scalar. CScalar a1

Martini, Mawatari, Pellen)

arXiv:1508.00564

(MattelaerVryonidou) S, PS,V, PV Dirac bt (loop induced)
(sz>b<ie\/ri4[|’5o9.05785 5, PSV, PV Dirac, Cscalar 7

With the help of FeynRules+NLOCT
+MG5_aMC, all of these papers were
written within in a couple of months.
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?) Loop induced processes
Example:

X N\

Currently there is no DM tool which
can calculate this process (in a generic model)

super relevant for relic density and cosmic
ray flux calculations in some models



There are a tew existing tools on the market, but no tool can

do everything yet!
: : : . Advanced .
o Densiyy etecton Deecton OO BT oce MO
______ wesamcano  Yes  Yes Nosoon Yes NoSoon Yes  Yes'
micégl'(\:'fe%AS/ Yes Yes Yes Yes No Yes No __________
darkSUSY*** Yes Yes Yes No Yes No No
DM@NLO Yes Yes Yes No No No Yes**

* for relic density and ID.
Red color means ** for colliders, soon for ID, maybe relic density

no prospects in the *** also Isatools, SSARD, Drees, RoskowskKi
near future!




BACKUP
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DM at Higher Order—

Giant K-factors in simplified DI\/I models

~ (Think W+jets with
108 e  highjet pT at NLO)

= pp—XX+j at the LHC13 LO+PS — ]
102 _ NLO + PyTHiA8 ]

(My, My) = (100, 1) GeV

0 (9. 9sw) = (1, 0.25) LO: pp— Y1+
© NLO: pp — Y1 +jj also

G per bin [pb]
S 3
MC@Nl é)“"

MadGraph5

Relevant when p?r > my,mx




Urgent! Finisheq!

Model testing Relic density

Link to Pythia/
GALPROP

Database of
experimental
results (e.q.

Still discussing... Hi Bounds)
lggsBounds

Direct detection

Indirect detection Directional

detection

Integration with
MG5_aMC@NLO

Urgent!



Model testing
(integration with

MadAnalysis)
Link to Pythia/

GALPROP

Database of

experimental

results (e.q.
HiggsBounds)

Full set of DD
effective operators

\ ‘ Loop induced ID Web interface



