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LHC DMWG [1507.00966, 1603.04156]
MET search

DM Simplified Model Exclusions ATLAS Preliminary March 2016
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LHC DM WG [1507.00966, 1603.04156]
e Simplified DM models (s-channel):

- spin-l mediator

Lyector = —gpMZ, XX — 90 Y, Zua'a,

g=u.d,s.cbt
Laxialvector = —9DMZ, X1 15X — g Z Z, " 154 .
g=ud,s.cbt q X(mx)
- | spin-0 mediator spin-1 mediator
¢
Lscalar = —gDMOXX — Jg —= q, f(b q q X
\/§ q:u%c,b, g ( )
Lpseudo-scalar = —1gDM PX V15X — idq % Z YqqY59 ole X
q=u,d,s,c,bt _.,_< p—
. . . S,P
® The signal is determined by X —

2

- the mediator type (V, A, S, P) g ) 8 @
spin-0 mediator

@~ Top-philic DM models

- the DM and mediator masses

- the two couplings




X=DM > ______ < N [1605.09242]

Y=mediator 51 pages, 23 figs, 8 tables

Cosmology relic ><[: mx < my Planck, FermiLAT
indirect
Astrophysics mx > my Arinal)
Backovicl)
direct mx >1GeV  LUX, CDMSLite Heisig®™
Kraemer®™ —_—
Maltoni& s
Er < my > 2my +tt Conte, Fuks, Guol 1
N . Martini,Vryonidou
Colliders | | p— < my > 2mx +7, +24, +h 4 Q
Mawataril
"g my > 2my 4t Hespelﬂ
‘§ ) Pellen®™®
£ my > th it

my < 2mx,2m¢  jj, VY




LHC DM WG [1507.00966]

Benchmark models for ATLAS and CMS Run-2 DM searches
vector/axial vector mediator, s-channel (Sec. 2.1)

Signature State of the art calculation and tools Implementation

jet + ET NLO+PS (powheg, SVN r3059) [Forl; Foro]
NLO+PS (DMsimp UFO + MApDGraPH5_AMC@NLO v2.3.0) [New]
NLO (mcrm v7.0) Upon request

W/Z/vy+ Er LO+PS (UFO + MadGraphs_aMC@NLO v2.2.3) [Fora]
NLO+PS (DMsimp UFO + MADGRrRAPH5_AMC@NLO v2.3.0) [New]

scalar/pseudoscalar mediator, s-channel (Sec. 2.2)

Signature State of the art calculation and tools Implementation

jet + Et LO+PS, top loop (powheg, r3059) [Forn; Form]
LO+PS, top loop (DMsimp UFO + MADGrAPH5_AMC@NLO v.2.3.0) [New]
LO, top loop (McFM v7.0) Upon request

W/Z/v+ Er LO+PS (UFO + MadGraphs_aMC@NLO v2.2.3)

tt, bb+ Er LO+PS (UFO + MadGraphs_aMC@NLO v2.2.3) [Ford]
NLO+PS (DMsimp UFO + MAapGrarH5_AMC@NLO v2.3.0) [New]
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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
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wiki: DMsimp Start Page Index History

Simplified dark matter models Yo Y - x)v
= — (g 2 5t + gx XX)
t.X (gt \/§ gx 0
Authors

e s-channel ‘ Fe)’n RUIeS‘

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)

MadDM

IMG5aMC]|

Description of the model .
This is simplified dark matter models for NLO. Our lagrangian consists of different types of DM: m IC ro M E GAS *
e Xr (real scalar DM)
e Xc (complex scalar DM)
e Xd (Dirac spinor DM) 1
« Xm (Majorana spinor DM) (to be done.) ‘ P)’th 1a ‘
and different types of mediators: +
e s-channel
o Delphes|
o Y1 (spin-1)
o Y2 (spin-2) [to be done.] +

¢ t-channel [to be done.] .
‘ MadAnalysis5 ‘

One can find the model lagrangian in the note. See more detalls in

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



- < Final state | Imposed constraint Reference Comments
Er +tt MAapANALYSIS5S PAD (new) CMS [1504.03198] Semileptonic top-antitop decay
} < Er+j MADANALYSIS5S PAD (new) CMS [1408.3583]

“““ Er+Z o(Er > 150 GeV) < 0.85fh  CMS [1511.09375] Leptonic Z-boson decay
Er+h | o(Br >150 GeV) <3.6fb  ATLAS [1510.06218] h — bb decay

jj o(my = 500 GeV) < 10pb CMS [1604.08907] Only when my > 500 GeV
} ----- <[i vy o(my =150 GeV) < 30fb  CMS [1506.02301]  Only when my > 150 GeV
tt og(my = 400 GeV) < 3pb ATLAS [1505.07018] Only when my > 400 GeV
:D < tttt o < 32fb CMS [1409.7339] Upper limit on the SM cross section
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I N S P I R E o o the High Energy Physics information system. Please direct questions, comments or
concerns to feedback@inspirehep.net.

Her :: HepNAmEs :: INsTiTuTIONS :: CONFERENCES :: JoBS .. EXPERIMENTS :: JOURNALS :. HEeELP

Information Citations (1) Flles

MadAnalysis5 implementation of the CMS search for dark matter production
with top quark pairs in the single lepton channel (CMS-B2G-14-004)

Fuks, Benjamin; Martini, Antony

Description: This is the MadAnalysis5 implementation of the CMS search for dark matter in a channel where a pair of dark
matter particles is produced in association with a top-antitop system. This search targets events featuring a single lepton
originating from the top decays and a large amount of missing transverse energy.

Information how to use this code and a detailed validation summary are available at

http://madanalysis.irmp.ucl.ac.be/wiki/PhysicsAnalysisDatabase. The CMS analysis is documented at
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G14004.

Cite as: Fuks, B., Martiny, A. (2016). MadAnalysis5 implementation of the CMS search for dark matter production with top
quark pairs in the single lepton channel (CMS-B2G-14-004). doi: 10.7484/INSPIREHEP.DATA MIHA . JRAG

Record added 2016-05-09, last modified 2016-05-09




MadAnalysis5 implementation of the CMS search for dark matter production
with top quark pairs in the single lepton channel (CMS-B2G-14-004)

Fuks, Benjamin; Martini, Antony

Selection step CMS | ePMS MA5 | eMAS orel
0 Nominal 224510 224510
1 Preselection 15468.5 | 0.069
2 Er > 320 GeV 4220.8 4579.8 | 0.296
3 Mt > 160 GeV 3390.1 | 0.803 || 3648.2 | 0.797 || 0.75%
4| A®(jro, Fr) > 1.2 || 29635 | 0.874 || 3124.3 | 0.856 || 2.06%
5) Mf% > 200 GeV 2267.6 | 0.765 2403 | 0.769 || -0.52%
S - p % 27-email exchanges (03/12/2015-19/02/2016)
025 MAS
> e UFO model file
o
7" ® custom MG5 with proc/param/run_cards
EO.IG
o o ® pythia tuning
e ® Root files for distributions
10
e e Cutflow for the signal benchmark
MET[GeV]




. /bin/mg5_aMC

{ >iImport model DMsimp s spin0 } 1O total cross section for pp—si +XX (g =g, =4) 10° - K factor for pp—sif +JX (g =g, =4)
t >generate p p > t t~ xd xd~ [QCD] ¢ ST ALLLR AL e S Sl (B
' >output : 102 =7 =t | W02
i >launch 1 150f e ———peee=] M0 10
S 10 . S ——— P’g"t‘;' E’ff . . * 0.08
v | N ettt | doos
Q 100 10° = B0 B T ~
(my, mx) oo [Pb]  onwo [Pb] , § ¢ EBee—===l oo
’ -1 R e B d - B ] e
+34.9% +6.1% g 10 T et T 0.02
+34.2% +5.7% . 1072 e e e T~ T '
(40, 30) GeV  0.776+342% 0.926+5.7% : SE==a= = ol P
” - 2 e )
-3 frm—— ———_ 2
240. 100) GeV  0.187+371% () 916+6-7% % 100 200 300 400 500 600 10 0100 200 300 400 500 600 004
( ’ ) —24.4% —11.4% my [GeV] my [GeV]

XX constraints (g, =g, =4; NLO; 8 TeV LHC)
. . pp—ttXX, Vs=8 TeV

300

- All points

. Excluded points (40% CL) 10 E --LO

Scenario | =NLO

2500 ... Excluded points (68% CL) oo 3

NLO

: . Excluded points (95% CL)
- Sty PR SRR PR ,,,,,, Predictions
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& j B .
e theoretical
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I N S P I R E Welcome to lN_S_EIBE. Ihe ngh Energy Physics information system. Please direct questions, comments or

Hep :: HepNAMmEs :: INsTiTUTIONS :: CONFERENCES :: JoBS .. EXPERIMENTS :: JOURNALS :: HELP

Information Citations (1) Files

MadAnalysis5 implementation of the CMS monojet search (EXO-12-048)

Guo,Jun; Conte, Eric; Fuks, Benjamin

Description: This is the MadAnalysis5 implementation of the CMS search for monojet systems. This search targets events
featuring a single hard jet produced in association with missing energy.

Note: Information on how to use this code as well as a detailed validation summary are available at

http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase. The CMS analysis is documented at
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEX012048.

Cite as: Guo, J., Conte, E., Fuks, B. (2016). MadAnalysis5 implementation of the CMS monojet search (EXO-12-048). doi:
10.7484/INSPIREHEP.DATA.JAN2.UNDA

Record added 2016-01-06, last modified 2016-05-13
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MadAnalysis5 implementation of the CMS monojet search (EXO-12-048)

Guo,Jun; Conte, Eric; Fuks, Benjamin

Selection step CMS EEMS MAS5 e?’AS 6{9'

0 Nominal 84653.7 84653.7

1 One hard jet 50817.2 0.6 53431.28 | 0.631 5.2%

2 At most two jets 36061 | 0.7096 || 38547.75 | 0.721 || 1.61%

3 | Requirements if two jets || 31878.1 | 0.884 || 34436.35 | 0.893 || 1.02%

4 Muon veto 31878.1 1 34436.35 | 1.000 0

5 Electron veto 31865.1 1 34436.35 | 1.000 0

6 Tau veto 31695.1 | 0.995 || 34397.54 | 0.998 || 0.3%
Er > 250 GeV 8687.22 | 0.274 || 7563.04 | 0.219 || 20.00%
Er > 300 GeV 5400.51 | 0.621 4477.67 | 0.592 || 4.66%
Er > 350 GeV 3394.09 | 0.628 || 2813.70 | 0.628 | 0.00%
Er > 400 GeV 2224.15 | 0.6553 || 1753.71 | 0.623 | 4.93%
ET > 450 GeV 1456.02 | 0.654 1110.92 | 0.633 || 3.21%
Er > 500 GeV 989.806 | 0.679 722.83 | 0.650 || 4.27%
Er > 550 GeV 671.442 | 0.678 487.54 | 0.674 || 0.59%
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;;/bih/mg5_aMC
{ >import model DMsimp s spin0

t >generate p p > j xd xd~ [QCD]
t >output
i >1launch

Complementarity between
the different searches.

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

300 T I I

- All points
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2501 ... Excluded points (68% CL)
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‘The dedicated recasting is needed.‘
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Figure 14. Results of our four-dimensional parameter scan projected onto the (my,myx) plane
once constraints set from the LHC results are imposed. The points excluded by the diphoton, the ¢
and the four-top considered searches all satisfy the relic density, narrow width and direct detection
constraints.



® The systematic simulation framework have been developed not
only for LHC but also for non-collider experiments.

® Proper recasting still takes time.

® NLO predictions not only provide reliable rate but also reduce
the theoretical uncertainty.

® |n the DM context, not only mono-j but also mono-y/Z/h are
Important.

® A single model can be constrained by many different LHC
searches (and also by non-collider searches).

® Management of a ‘big’ collaboration is very difficult...






| Dark matter (X): |
real scalar

- complex scalar
- Dirac spinor

/%"”"g’%».s

spin-0 mediator spin-1 mediator
ﬁfé’o = XD(Q}S'(D + ig)lzD’Ys)XD Yo ﬁ?o = Xpyu(gk, + Q§D75)XD Y
d
T Yij : 7
£ =Y [l +iok L= [doal, + ad, )i,
1,J i,]
+ u; i//i%(gij + Z'Qij 75)“3'] Yo + Uiy (gXij T gﬁia‘%)uj] Yy

» “DM production through loop-induced processes at the LHC”
Mattelaer, Vryonidou [1508.00564]

» “Higher-order QCD predictions for DM production at the LHC in simplified models”
Backovic, Kramer, Maltoni, Martini, Mawatari, Pellen [1508.05327]

» “Higher-order QCD predictions for DM production in mono-Z searches at the LHC”
Neubert,Wang, Zhang [1509.05785]




(Toin/mgs.

aMC

f>import model DMsimp s spinl

f >generate
! >output

p p > xd xd~ ] [QCD]{

{>launch

Block minputs chn
0.000000e+00 # gVXc
1.000000e+00 # gvXd &
0.000000e+00 # gAXd
2.500000e-01 # gvdil

2.500000e-01 # gVd22

2.500000e-01 # gvd33
2.500000e-01 # gVu33
0.000000e+00 # gAd11
0.000000e+00 # gAull
0.000000e+00 # gAd22
0.000000e+00 # gAu22
0.000000e+00 # gAd33
15 0.000000e+00 # gAu33

|
2
3
4
S
6
7
8
9
10
11
12
13
14

Bl param_card.dat

Xp — = Xp m(ng + ng”ys)Xo Y{
Y.
SM = Zi._j [q,‘“/p(gq,.j gq,.j*,v's)qj]  £3

2.500000e-01 # gVull ## INFORMATION FOR MASS

...............................
lllllllllllllllllllllllllllllll

2.500000e-01 # gVu2Z2 Block mass

6 1.720000e+02
15 1.777000e+00
23 9.118760e+01
25 1.250000e+02
51 1.000000e+01
52 1.000000e+01
55 1.000000e+03
S000001 1.000000e+01 # MXr

"} - Start the MG5aMC shell

<) |mport the model

< Generate the process at NLO

§ = Write the code (including html)
=) Generate the LO/NLO events

run_card.dat

#“‘..“““‘.““““.“...‘O“.““.““““".“““““““““‘O“

# Collider type and energy
#.‘O‘.‘.“‘.‘0.‘.“"..‘.““‘.O“.‘.‘.“...‘.‘““““““..“.““.“
1 lppl ! beam 1 type (@ = no PDF)
1 lpp2 | beam 2 type (@ = no PDF)
6500 ebeaml | beam 1 energy in GeV
6500 = ebeam2 ! beam 2 energy in GeV

”O.“‘.‘...‘........‘.‘.".‘.O‘.“.‘....‘...“.‘...‘.“..O.‘.‘.‘.0.0...

# PDF choice: this automatically fixes also alpha_s(MZ) and its evol.

#...‘.‘.......‘....‘“‘..".‘O...‘...“.‘...‘.‘“.‘...‘...0.‘....“‘.‘.

nnZ3nlo = pdlabel ! PDF set
230000 = lhaid ! if pdlabel=lhapdf, this is the lhapdf number

HEEERRRAER RN RERRRRRARRR RN RN RE RN RN RN RN RN RN RN RN RRRERRRER RS RE RN SRR ee

# Include the NLO Monte Carlo subtr. terms for the following parton
# shower (HERWIG6 | HERWIGPP | PYTHIAGQ | PYTHIAGPT | PYTHIAS)
# WARNING: PYTHIAGPT works only for processes without FSRI!!!

#.‘.‘.‘..‘.'...“.".‘““.‘.O‘O.".....‘..‘.‘.‘.‘.‘..“.‘Q“.‘.‘.....‘

HERWIG6 = parton_shower

SRezinterEretinﬁ - CERN - 17.06.2016 21/18 Kentarou Mawatari SLPSC Grenoble=



(my,mx) [GeV] MET > 150 GeV MET > 300 GeV

oLo [pb] | 1.100 x 102 5%  +159% | 0.822x 101 T30 +1.1%
(100, 1) my >2mx | oxro [pb] | 1.530 x 102785 205% | 1.100 x 10" T3 +0.6%
K factor | 1.39 1.34
e T . T +11.0 +14.7
. my=1GeV my= 50 GeV my= 500 Gev | 10 ~9.6 £1.5% | 0.988 x 10° ~122+11%
10 T [r e e g 101 ts:s 10.5% 1.981 x 100 i6:8 10.6%
o o 1 | ppoXX+j ] [ @ MET> 150 GeV ] 1.30
10° 7 f attheLHCI3 3 F 4 MET> 300 Gev 3 :
T JpraE e 11070 Do rasn | 2320 1072 s a6 n
(S ol & o [ & ol 111073 g h120% | 2411 x 1073 D55 1239
P al [a al ol | 1.04 PDF uncertainty
| 5104 Ll I “ my Al d .
5 : L 11 scale (renormalization and
i 107 1 Fctor medintor 1 F® ° g ; factrorization) uncertainty
; ] frectormediatr 3 fL
10° 1 1 El9x 920)=(1, 0.25)] Fm o 1 e . B
'4 1 1 1 I 1 1 1 ] 1 1 1 ] ‘ . v o 7.‘7 ) » .
10 t NLO corrections
1.8[ ' E S | b ) ly d d h
5 16 strongly depends on the mass
A } i } i } . .
S 14(m g 1t R 11 1 spectrum and the kinematical cuts.
9 A N L R B - * sizeably red f the scale and
1ol gl | 8l 2 2 2 sizeably reduces of the scale an

PDF uncertainties.




* the axial-vector mediator case

(my ,mx) [GeV]

MET > 150 GeV

axial-vector
MET > 300 GeV

MET > 500 GeV

10.6

14.4

17.3

oo [pb] | 2130 x 10255  +16% | 1.573 x 10" To0+11% | 1.633 x 10° 7150 +1.9%
100 undecayed | onvo [pb] | 3.063 x 102757 +05% | 2153 x 10' Tl 406% | 2.055 x 10° T3 +1.6%

K factor | 1.44 1.37 1.26

oLo [pb] | 1.101 x 10 iéf’g;“ +1.6% | 0.825 x 10! t;;;} +1.1% | 0.854 x 10° t;Z;i +2%
(100,1) my >2myx | onvo [pb] | 1.549 x 10 g5 +05% | 1127 x 10' TT5+0.6% | 1.063 x 10° T35 +1.2%

K factor | 1.41 1.37 1.24

oLo [pb] | 3.070 x 10° 100 +15% | 3.359 x 101 Tia 41.2% | 4457 x 1072 1 +18%
(95, 50) my <2mx | onvo [pb] | 4.093 x 10° 155 +05% | 4.302 x 1071 T80 +0.7% | 5.079 x 1072 ¥ 53 +1.3%

K factor | 1.33 1.28 1.14

ovo [pb] | 2208 x 1073 F 155 45% | 7.839 x 1074 T35 +5.3% | 2.558 x 1074 T163 +6.3%
(100, 500) my <2mx | onvo [pb] | 2502 x 1073 Tha+25% | 7.072 x 1074 153 406% | 2.383 x 107 T3} +3.0%

K factor | 1.09 1.02 0.93
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(my,mx) [GeV] scalar pseudo-scalar

oLo [pb] | 2.278 x 10' 138 +42% | 5.202 x 1071 1305 16.0%
10 undecayed | onro [pb] | 2.435 x 10! T35 +1.8% 5431 x 10~ 115, 126 %

K factor | 1.07 1.04

oro [pb] | 2.204 x 10 7352 +42% | 5.500 x 1071 T30 % 16.0%
(10, 1) my >2mx | onvo [pb] | 2.460 x 10" T3 118% 5.739 x 10~ 115 126 %

K factor | 1.07 1.04

oo [pb] | 2415 x 10731305 458% | 3.320 x 1073 1358 487 %
(10, 50) my <2mx | onro [pb] | 2.340 x 1073 15 o8% | 3.133x 1072 17 £3.9%

K factor | 0.97 0.94

oro [pb] | 8.226 x 107! Ta Gt +44% | 2.442x 101 T2 1v 0%
100 undecayed | onpo [pb] | 8.391 x 107 155 1209 | 2431 x 1071 TP, 130%

K factor | 1.02 1.00

oLo [pb] | 8.135 x 1071 1305 +4.4% | 2464 x 1071 T30 170%
(100, 1) my >2mx | onto [pb] | 8.207 x 1071 FgFt00% | 2427 x 1071 TP, 130%

K factor | 1.01 0.08

oro [pb] | 7.986 x 1073 1315 450% | 1.404 x 10727523 478 %
(95, 50) my <2myx | onro [pb] | 7.897 x 1073155 +24% | 1.362x 1072 s 135%

K factor | 0.99 0.97

oLo [pb] | 1.571 x 103 i%g;; +17.1% | 1.827 x 1073 f%gz +17.4%
1000 undecayed | onto [pb] | 1.127 x 103 F13 2 487% | 1.207 x 1073 1137 188 %

K factor | 0.72 0.71

oro [pb] | 7.499 x 1074 1305 116.8% | 8.174 x 1074 T30 3 +17.0%
(1000, 1) my >2myx | onro [pb] | 5.201 x 1074135 18.4% | 5.675 x 1074 TP 185%

K factor | 0.69 0.60

oLo [pb] | 7.354 x 1074 1507 116.8% | 8.137 x 107 T30 5 +17.0%

(1000, 50) my >2mx | onvo [pb] | 5.125 x 1074 TP 185% | 5.505 x 1071 115, 185%
_ K factor | 0.69 0.60 _

4 +8.6
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Benchmark Scalar Pseudoscalar
Jet pr cut in GeV 50 200 50 200
49% +0.8% 50% +1.1% 49% +0.8% 50% +1.1%
Resonant 4.11 +31% +o 9% 0.244 +31% +1.1% 10.1 +31% +o 9% 0.584 +31% +1.1%
Heavy mediator | 3.22 -1072#55% +17% | 499 1073 +53% +18% 1 493 10723557 +1.6% | 647 1073 +53% +1.8%
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