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Status
SUSY
EFT

Mono-X

Where we stand

What we know about dark matter

=

it is particles  faxions to black holes]

it's global density is Q, % 2~ 0.12  (Plancg

it is cold [structure formation]

it interacts (at least) gravitationally (puliet cluster, structure formation, etc]
neutrinos contribute, but explain nothing

more data the key, DM ready to be solved?
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How we search for dark matter

o

direct detection: scattering in earth-based detectors
indirect detection: annihilation products from high densities
collider searches: ‘invisible’ particles

cosmological experiments: thermal history

astrophysics: micro-lensing

all-physics-and-astronomy effort!
are we missing something?
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Being an LHC dark matter person

Dark matter at the LHC —

Look for missing energy
?

What should we look for? [ Do not look left or right

What else enters?
Look for dark matter candidates
stable at LHC means totally stable
explain observed relic density

/ I N

Thermal production Baryon asymmetry CPin QCD Whatever
WIMP.... asymmetric DM axions dark photons,
ﬁ gravitinos,...
General QFT <~ Dynamic mediator Completion of SM
heavy mediator LO Feynman diagram early universe: UV
effective theory simplified model full renormalizable model

cosmological measurements /
direct detection
indirect detection part of DM budget
global picture T
T [ aew#>o012 |__
change model




Questions

Tilman Plehn

Status
SUSY
EFT

Mono-X

Thermal production

Our one measurement

annihilation rate from Boltzmann equation

Xdec /Gari 4-107° GeV—2
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xx 16w mt 92my,
— Higgs portal
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H
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)\2
mig ms > mz, my Az ~ 0.05
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= universal framework including relic density?
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Supersymmetry

Still the mother of models

— solving the hierarchy problem, if it's a problem [ask philosophers?]
— allowing for gauge coupling unification

— linking to string theory in the UV

— only BSM model still making sense after Run |
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only BSM model still making sense after Run |

At least the leading thermal DM model

=

electroweakinos with TeV-scale upper mass limit

define DM through SU(2), representation ¢
singlet, doublet, triplet

allow for general mixing

add co-annihilation partners, if needed
add light NMSSM mediator, if needed
relic neutralino surface

4 tan =10

pe—

HTeV]

LSP mass
o= 0.1 [00.2[e05 [+ [ [o1.5[62.0[e25 TEV‘

No Sommerfeld =
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Supersymmetry

At least the leading thermal DM model

=

electroweakinos with TeV-scale upper mass limit
define DM through SU(2), representation ¢ 1 lfmﬁ 10

singlet, doublet, triplet

allow for general mixing

add co-annihilation partners, if needed
add light NMSSM mediator, if needed
relic neutralino surface

[TeV]
o LSP mass

Yty
/ 0= =01 [¢0.2[00.5 | [s15[s2.0]s25 TeV]

Majorana (or Dirac) neutralino, different mediators No Sommerteld —e

=

SM Z-boson xx — Z — jets

SM-like Higgs xx — h — bb

heavy Higgs H, A — bb, tt

t-channel chargino xx — WW — jets
chargino co-annihilation x%x* — W

stau co-annihilation ¥x — 7+ X

light singlet-singlino channel xx — a — SM
many simplified models, properly defined
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_— At least the leading thermal DM model

susy — electroweakinos with TeV-scale upper mass limit
T — define DM through SU(2), representation  *
ploncel singlet, doublet, triplet

LHC

— allow for general mixing

— add co-annihilation partners, if needed
— add light NMSSM mediator, if needed
= relic neutralino surface

4 3 ulTev]
I LSP mass
L. . i my0=20.1[00.2[e0.5]+ [e].5[e2.0[e2.5 TcV]
Inspiring signatures Mo Sommerted =+
— jets/leptons plus missing energy 025 -
1
— charged tracks i 0.6
— photons from late decays o2 s
— combination of very soft and very hard objects 4= o4
— invisible Higgs decays e ) s
- 7777 or
0.2
- 2272 7
0.05 0.1
= QFT of simplified models?

1 1 1 | | |
20 30 40 SOMGO 70 80 90
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Decoupled mediator Mmeq 2 2my

— direct detection fine  [non-relativistic]

remember relic density o
med

g2my
— LHC constraints: myeq 2 TeV
= big problem, and it's not the LHC

g2

~ Mmed Mmed

X

indirect detection, annihilation today fine  ery non-refativistic]

~ 2.2TeV

m, >2m
med X
=

m,
%m.wev
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Effective theory

Decoupled mediator Mmeq 2 2my

direct detection fine  [non-relativistic]
indirect detection, annihilation today fine  ery non-refativistic]

remember relic densit 2
V' Mies _ Mned Minea ~22TeV
g2my g2 my
— LHC constraints: mpeq 2 TeV

= big problem, and it's not the LHC

m, >2m
med X
=

Representing models? fiesson from EFT for Higgs@LHC]

tree-level colored t-channel mediator  [squark-neutralino in MSSM]
tree-level vector s-channel mediator [z’ mediaton
loop-mediated scalar s-channel mediator (neavy Higgs-neutralino in MSSM]

— loop-mediated scalar t-channel mediator (stop-neutralino in MssMm]
= can we imagine sensible UV completions of DM-EFT?

m,
%m.wev
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Tree-level scalar in t-channel

— relic density for small my

[squarks]

107"

1072

107

— m,=10 GeV

—— m,=50 GeV

—— m,=100 GeV
y=1

I
10°
m; [GeV]
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Ses Tree-level scalar in t-channel [squarks] '“ X u’4 u
susy — relic density for small my /@Q‘Qg 0 X
el — two effective Lagrangians = gof
Mono-X . Cox - _ c »

LHC off O a (UrX) (XUR) Left D F(XX) G G s

— EFT not valid for correct relic density...

10716

" m, = 100 GeV , ET > 50 GeV o m, = 100 GeV , Et > 300 GeV L m=10Gev
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—— m,=100 GeV
100 % 1 10 ¥it
g R 5 10355 L
2107k D {210 10
E D N E m; [GeV]
é 1072 o % p é 107
RN AN
3 BN s
10 2 Bt 1 w0
% o
10~ 10~




Questions

Tilman Plehn

Status

susy

Effective theory vs models

Tree-level scalar in t-channel [squarks]

— relic density for small my
— two effective Lagrangians

Cux - _ c v
Leit D % (Orx) (XUR)  Lett D F(XX) G G

— EFT not valid for correct relic density...

Tree-level vector in s-channel

— relic density for small my, or on-shell mediator

m,=10 GeV

m,=50 GeV

— m=100 GeV|
|

10 10° 10*
m [GeV]
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Effective theory vs models

Tree-level scalar in t-channel [squarks]

— relic density for small my
— two effective Lagrangians

Cux - _ c v
Leit D % (Orx) (XUR)  Lett D F(XX) G G

— EFT not valid for correct relic density...

Tree-level vector in s-channel s

— relic density for small my, or on-shell mediator
— only 4-fermion operator

— EFT not valid for correct relic density...
m, =100 GeV , E1 > 50 GeV

m,=10 GeV

m,=50 GeV

— m=100 GeV|
|

3 10 10° 10*
m [GeV]

BT o
my = A [GeV]
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Tree-level scalar in t-channel [squarks]

— relic density for small my
— two effective Lagrangians

Leit D —=X (UrX) (XUr) Lett D e (XX) G, G

— EFT not valid for correct relic density...

Tree-level vector in s-channel
— relic density for small my, or on-shell mediator
— only 4-fermion operator
— EFT not valid for correct relic density...

' m,=10 Gev
j m,=100 GeV|
. . =200 GeV|
Loop-mediated scalar in s-channel 104 R
10 103 10*
mg [GeV]

— relic density around pole
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Effective theory vs models

Tree-level scalar in t-channel [squarks]
— relic density for small my
— two effective Lagrangians

Lef D == (Tpx) (XUR) Let D (XX) G, G

A3
— EFT not vahd for correct relic density...

Tree-level vector in s-channel
— relic density for small my, or on-shell mediator
— only 4-fermion operator
— EFT not valid for correct relic density...

Loop-mediated scalar in s-channel

— relic density around pole
— two good effective Lagrangians

Let D (”) (xx)  Lez D (XX) G, G*

A3
— EFT not vaI|d for correct relic density...
= does a global DM-EFT framework make any sense?

o [pb]

-1
10 , =10 GeV
10 _{ m=100 GeV|
m, =100GeV, Er > 100GeV

simp.

g

g

106

10°
ms [GeV]
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Signatures: mono-X-itis

DM signatures with measurable recoil

— mono-jet(s) signature from 80s

— ISR with Z’ mediator

— ratio of signal rates known, nothing to learn

IxxY

Ixxj

2
a

as Ck

1

~ %0

pp—Z'X = xx X

Ixxte

Ixxj

q

with X =j,~,2

Q@2s?
& 2w Rz = 0T
as Cfr

1
~ 2000
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Signatures: mono-X-itis

DM signatures with measurable recoil

— mono-jet(s) signature from 80s

— ISR with Z" mediator ,
pp—Z'X = xx X with X=j~,Z

— ratio of signal rates known, nothing to learn

2 2
Ton 2% 1 T o % BR(Z = €707 ) ~ ——
JXX/ Qg CF 40 UXX/ g CF 2000
Signal vs background
- background Z — vv [and a little W — £v] 107 £=10 b1, v§ =13 TeV, pr x> 100 GeV
. L Y j
— statistical significance ; -  — background background
bl 10% i 7
n N — — Nsj o
i 6.3 €j i c background
3
3 10°
s
8 10t
£
5
=4
107t
1073

100 150 200 250 300 350 400
Transverse momentum pr,x [GeV]
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Signatures: mono-X-itis
DM signatures with measurable recoil

— mono-jet(s) signature from 80s

— ISR with Z" mediator ,
op—Z'X = xx X with X=j,~.2

— ratio of signal rates known, nothing to learn

2 2
TDxxv o & Q ~ Texte & a5w BR(Z —» (07 ) = 1
2000

—_— X" —

Oxxj as Cr 40 Oxxj as Cfr

Signal vs background

— background Z — vv  [andaiite w — £v]

— statistical significance ;
€
Moy & == ] —L Ny j

6.3 €

— beyond ISR: final state decays (susv, 2Hbm, 2/7]
= does mono-X make sense beyond few models?

q Z
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Ses Kinematics of missing transverse momentum
sy — transverse mass with observable edge 1t — w,u)
EFT
2 2 = 2 2
Mono-X my = (ET,miss + Er,e) - (ﬁr +p7',g) < miy,
LHC — the glory of myo
mra(Mpiss) =~ min [mf‘lx mr (g fnmiss)i| mr2(Mmiss) C [Miight + Mmiss, Mheavy]
T=31+% -
) q o
— many advanced mass constructions ) 4%
v l/’ Xt
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Power of the LHC

Kinematics of missing transverse momentum
— transverse mass with observable edge [t — w,b)
m2T = (Er miss + Er,z/.)2 — (Br + ﬁT,I{)Z < mf/v
— the glory of mrs

mra(Mpiss) =~ min |:m]ax mT,j(Q/'; mmiss)i| mr2(Mmiss) C [mlight + Miiss, mheavy]
T=01132

— many advanced mass constructions

Magic of QCD
QCD dashed

— pp — Hjj vs pp — Zjj vs pp — Wjj 5 T T
— number of (central) jets different for H, Z, W ‘g o
E 0.4;
s
0.2;

C’ | 1 1

T
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Power of the LHC

Kinematics of missing transverse momentum
— transverse mass with observable edge [t — w,b)
m2T = (Er miss + Er,z)z — (Br + ﬁT,I{)Z < m2W
— the glory of mrs

mra(Mpiss) =~ min |:m]ax mT,j(Q/'; mmiss)i| mr2(Mmiss) C [mlight + Miiss, mheavy]
T7=01+d2

— many advanced mass constructions

Magic of QCD

m>200 GeV, p, >40 GeV, dashed: p, , [1[20,40] GeV

— pp — Hjjvs pp — Zjjvs pp — Wjj
— number of (central) jets different for H, Z, W
— quark vs gluon tagging jets

dashed: p, , 01[20,40] GeV |
0.1~

gluons

Normalized distribution

30 40

Merjo
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Power of the LHC

Kinematics of missing transverse momentum
— transverse mass with observable edge [t — w,b)
m2T = (Er miss + Er,z/.)2 — (Br + ﬁT,I{)Z < mf/v
— the glory of mrs

mra(Mpiss) =~ min |:max mT,j(Q/'; mmiss)i| mr2(Mmiss) C [mlight +
T=q1+0 L /

— many advanced mass constructions

Miss > Mheavy]

Magic of QCD
— pp — Hjj vs pp — Zjj vs pp — Wjj a6 E
— number of (central) jets different for H, Z, W EI 14; 4
— quark vs gluon tagging jets F12F ZHrench at L = 3000t E
— trigger is the limit s10F E
= how far can we push the LHC? % 8F L=300ifb
;
i 2* L =3000ifb E
%BO 1L'l)0 2(;0 2’:‘30 300

MET trigger [GeV]
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Ses Aspects to discuss before Dawn

SUSY

Is DM ready to be solved?

Are we missing something?

Is a universal (thermal) DM framework possible?
What are the QFTs of simplified models?

Can we imagine sensible UV completions of DM-EFT?
Does a global DM-EFT framework make any sense?

EFT
Mono-X

LHC

Does mono-X make sense beyond few models?
How far can we push for example the LHC?
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