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Prelude: The Large Hadron Collider (LHC)

Searching for dark matter at colliders from
pair production (monojet)
cascade decays (SUSY)
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Prelude:
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Neutrinos traverse the detector without any interaction
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Collider basics

LHC collides protons each with an energy 6.5 TeV

K1=6.5 TeV

Protons are not point-like particles
Quarks/anti-quarks/gluons generally called partons
Partons carry a fraction x of the protons energy

Parton distribution functions (pdf) tell us the probability of
finding a parton with energy fraction x

= proton beam offers a wide range of collision energies
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Transverse quantities

PT
t P
0 Pz
> <«
beam | beam 2

Proton centre of mass (COM) frame not the same as the
parton COM frame

Parton’s initial momentum along beam direction (z) unknown
= Can'’t use full momentum conservation

But...transverse momentum (pr) is known: initially zero
- Use transverse quantities: pT = psin
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Luminosity

We need high luminosity as well as high energy

Nevents = 0 X /Ldt
/" AN N

cross-section of integrated luminosity
process of interest from the collider

number of
events produced

Cross-section has units barn, pico-barn (pb), femto-barn (fb), ...
Integrated luminosity has units inverse barn, pb-1, tb1, ...

To observe rare processes (small cross-section) need a larger
integrated luminosity
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Energy

7 TeV 8 TeV 13 TeV
(Vs)

| Integrated
¥ luminosity

flo-1 20 fb 150 fb-




One event has multiple stages: o L TR

Proton collisions are messy

Signal
(production and decays)

QCD-Bremsstrahlung
Multiple interactions

Hadronisation
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Monte Carlo event generators can simulate this!
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Many interactions!

Event with 29 pp interactions
Looklng for 2 DM partlcles In th|

CMS Expcrlmc’wl 8! L HC CERN

Data recorded ThuApr $05:47:32-201 2CEST
Run/Event: 190401}/ 125450?6

tumi section: \75

OrbiCrossing: 10405845 1847
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Messy...but still useful

2012: Higgs discovery!
S
— ATLAS

° Data 2011+2012
SM Higgs boson mH=126.8 GeV (fit)

--------- Bkg (4th order polynomial)
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Searching for dark matter
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Three popular strategies

Indirect detection Direct detection Collider

Annlhllatlon Scattering Production

DO, DO o
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Warning

Things to remember:
Colliders cannot prove stability beyond the apparatus
The dark matter mass reconstruction will be poor
Colliders cannot distinguish single and multiple invisible particles
May give little information on the nature of interaction, spin of the

dark matter, its quantum numbers...

Interpreting any signal will be challenging
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A dark matter event
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A dark matter event

m

! Dark matter passes through
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Missing transverse energy (MET or Z7)

- At the heart of all collider searches for dark matter

B

MET = negative of the vector sum
of the transverse momenta of all
visible particles in the event

- MET search used to discover W/-boson with UA1
= has been a major tool for hadron colliders ever since
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LHC search categorisation

Energy

(of partons) Lo e
| Dark matter produced in cascade |
 decays from heavier new states |

_ DM eg SUSY cascade searches |
2 Mpartner
DM ‘ LHC directly produce dark
matter pairs |
eg Mono-X searches j?'
2 Mpwm

" LHC cannot produce dark matter

=
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Searches for dark matter
pair production

DM

DM
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Monojet signature

‘Classic’ pair production search
= Simple and striking signature: hard jet and MET

Dark matter recoils against a QCD jet from initial state
radiation (ISR)
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Monojet: a real event

CMS Experiment at LHC, CERN

Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event: 204553 / 26729384

Lumi section: 31

CMS,

Compat Myon Sowscd

MET 0,
pt =913.68

eta = 0.000
phi = -0.657

Christopher M€Cabe GRAPPA - University of Amsterdam



CMS search search (ATLAS similar)

CMS: 1408.3583
Event selection: ATLAS: 1502.01518

Large missing transverse energy: Fr > 500 GeV
One energetic jet: pr > 100 GeV
One additional jet if pr > 30 GeV and A¢(j1,j2) < 2.5

Main backgrounds:

Irreducible background; e/ not detected
looks like signal 7 decays hadronically

Z(— vv) + jet WE(— IFv) + jet e/U/T

‘ﬂ
-
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-
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Monojet results
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Interpretation

Problem: In which framework should we interpret the search?
= There is no canonical dark matter model (outside SUSY...)

Different approaches taken:

1. Effective field theory/contact interaction
2. Simplified models
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1. Effective field theory (EFT)

Treat the interaction as a contact (point-like) interaction

X q X

—

‘Integrate out
the mediator’

L~ g Z,X7"X - I
. ~ ——qYuq XY X

1

i §mQZ,ZZLZ’“ 4.

Parameter of interest is the contact interaction scale A

A

Related to parameters in the full theory: A =
v/ Y9q9x
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This Is not a new 1dea

Fermi could describe 5-decay without knowing the

microscopic details:

g
L Y (1 =) [, (1 = 7)Y where Gp oc ek
V2 M2,
Name| Operator |Coefficient
. . o1 __ A Name| Operator |Coefficient
It is a very useful idea odi |l ot | vz | mopz
D2 XY’ Xqq img/M; .
- we don’t need to know D3 | xxare | ima/? C2 | xhhaq | img/M2
- e C3 | xT0,xav* 1/M?
all details of the full theory DL | x| /M N e
D5 | xyxqva | 1/MF C4 Xouxarra) 1/M,
1% *
. . . . D6 | trFrixamg | 12 C5 xTxG,ijuv as/4M?
Can (in principle) constrain T PR 06| XIxGuGH | ias/AM:
. " R1 2q mg/2M?
many different theories: D8 |y x| /M2 A N
D9 | xo*xqo.q 1/M? R2 A imq/2M;
uv *
D10 0w’ xqoapa| i/M? RS | GG | auf8M,
DI | GG | an/ars? R4 | x2GLG"™ | ias/8M?
D12 | xv°XGuw G | ias/AM3
D13 | xxGuG* | ias/4M?
D1t | 505G G | anrs Goc_)dman et al
XY X s/ 2V arXiv:1008.1783
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Suppression Scale M_[GeV]

Advantage of EFT approach

+ Straightforward to constrain A (or M,) for various operators
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A [GeV]

Advantage of EFT approach

-+ Comparison with other dark matter searches is straightforward
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Disadvantage of EFT approach

Is it valid...?
q g X q g X
7 Good approximation if
—)
—Q MZ’ > Q

Ly
<
LWy
<

2500

" pr =350 GeV
— =0
2000 -— |n|=1
= — Inl=2
Q I
O 1500}
Q I
& I
< 1000+
500 R :
I Busoni et al.: 1307.2253 |
10 102 103

mpm [GeV]
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EFT validity: what goes wrong”? s

arXiv:1308.6799

2500 - T
’; Region llI Region |l Region | -
& 2000} '
< L mpm=250 GeV
5 1500:— —— I'=Meq/87
é T I'=mmed/3
.= 1000t
] ! ——
O [ / Z
S 500} XY x)(@v.v’a)
S | A2 E

0% .1.(1)0 - 1000 - 1000O
Mmed [GEV]

Region I: EFT limit is valid
Region Il: EFT limit is too weak (no s-channel enhancement)
Region lll: EFT limit is too strong (no off-shell suppression)
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EFT validity: what goes wrong?

2500F

Region llI Region |l Region |

Reqion lIl: EFT limit is too strong (no off-shell suppression)
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2. Simplified models

Buchmueller, Dolan,
Malik, CM
arXiv:1407.8257

Characterise collider dark matter production with a small

number of variables

SM mMpM
Mmed
9q gDM
SM MpM
Minimum 4 parameters Mediators Dark matter
Axial- . Complex
MpM M V r Dir
med €clo Vector ac scalar
Pseudo- . Real
9q 9x Scalar seudo Majorana
scalar scalar
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Buchmueller, Dolan,

2. Simplified models

Malik, CM
arXiv:1407.8257
Same parameters also characterise direct searches
MpM mMmpwmM
SM "1'DM gDpM
Mmed '
"""" : med
9q gDpM :
SM mMmpwm /q\
SM SM
Minimum 4 parameters Mediators Dark matter
Axial- . Complex
mpwm M Vector Dirac
med Vector scalar
Pseudo- . Real
9q 9x Scalar Majorana
scalar scalar
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Buchmueller, Dolan,
Malik, CM
arXiv:1407.8257

2. Simplified models

Same parameters also characterise direct searches

gDpM
Mmed :
"""" I med
9dq gDpM :
SM MoM /q\

SM SM

Minimum 4 parameters Mediators Dark matter
Axial- . Complex
MpM M V r Dir
med ecto Vector ac scalar
Pseudo- . Real
9q 0% Scalar seua Majorana
scalar scalar
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Slicing through parameter space

mpm| Yx
- We need to fix two parameters to show results:
M eqal Ya
104 :_""'l T T T T r T T "'\‘""l T """'l_: 1000—' —T Il T "l T '. '''''''' .' .' 1—
Vector: 90% CL limits ‘\ i '| Axial vector: 90% CL limits |
LHC8 19.5 fb™" ) ] : !‘ LHC8 19.5 fb™"
—_— L UX 2013 ' i | — LUX 2013
9q=0om="1 \ goor | ——  gq=gom=T
10°F  — — g4=0.3, gom=1 \ E _ | — — 94=0.3, gpu=T
— — — g :g =0.5 v ] _ — — g :g =0.5
o T | T 600 | T
o —) \ &
> —— = \\ >
()] o| . v (@] -
E10°% .- —-—- - 3 \\ € 400f
| 1 ]
| | / - 200}
10" ¢ 1 // _
:nuul 1 L1l 1 1 nlulul 1 L1l 1 1 nluul- O
10 102 10° 10* 10°
Mmeq [GeV] Mmeq [GeV]

Limits valid for all dark matter and mediator masses
Includes resonant enhancement/off-shell suppression effects
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Slicing through parameter space

mpm| Yx
- We need to fix two parameters to show results:
M eqal Ya
104 :_""'l T T T T r T T "'\‘""l T """'l_: 1000—' —T Il T "l T '. '''''''' .' .' 1—
Vector: 90% CL limits ‘\ i '| Axial vector: 90% CL limits |
LHC8 19.5 fb™" ) ] : !‘ LHC8 19.5 fb™"
—_— L UX 2013 ' i | — LUX 2013
9q=0om="1 \ goor | ——  gq=gom=T
10°F  — — g4=0.3, gom=1 \ E _ | — — 94=0.3, gpu=T
~y — - — 94=0pm=0.5 v - =~ 94¢=9om=0.5
o T \ D 600 T
o —) \ &
> —— = \\ >
()] o| . v (@] -
E10°% .- —-—- - 3 \\ € 400f
| 1 ]
| | / - 200}
10" ¢ 1 // _
-nuul 1 L1l 1 1 nlulul 1 L1l 1 1 nluul- 0
10 102 10° 10* 10°
Mmeq [GeV] Mmeq [GeV]

Better elucidation of the complementarity between collider and
direct searches
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Comparison with direct detection  ucusa

arXiv:1409.4075

- EFT limit overestimates at high mass/underestimates at low

Mass
- -36
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S 10 AN NS — - —— LHCS8: EFT :
o | | \ ~—_ CO= —— LUX 2013
= s [ 2 CL) CMS\90% CL, 8 TeV, 19.7 fo” — 10~441 ———  SuperCDMS
Z 4 = o ' '
$< 10745 |~ Scalar R TOX 2013 R
e Spinlndependentl : 10-46 o o o
10 A L L L LLL 1 1 Lo L LALL 1 | LA L LLL 2 3
] 10 10° 10 10 10
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Scalar/Pseudoscalar iy

arXiv:1410.6497

Extendable to other mediators

_q” 9 i

Additional complexity resolving both the top-loop and mediator
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5007

Scalar/Pseudoscalar

arXiv:1503.00691

Exclusion limit if you naively used the EFT limit

LHC excluded region
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Future recommendations

ATLAS and CMS formed a working group to reach a
consensus on which approach to take going forward
arXiv:1507.00966

Use simplified models when possible - will also still see some

EFT results for certain benchmark models

I

>

(25’/1000

2
CMS have shown first
results in the simplified

model framework
CMS-EXO-12-055-pas
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Dark matter produced in
cascade decays

Lo

Christopher M€Cabe GRAPPA - University of Amsterdam



SUSY: searching for decay chains

SUSY has R-parity: {SM: R-parity +1, SUSY: R-parity -1}

Allowed: SUSY (1) Forbidden: SM (+1)
SM (+1) / SUSY (-1) /
\ SUSY (-1) \ SM (+1)

If a heavier SUSY particle is produced, can have long decay
chains terminating in the lightest supersymmetric particle

Jet leptons
i

CI
b
squark produced g B 5 M

2 DM escapes: MET

Christopher M€Cabe GRAPPA - University of Amsterdam



SUSY: searches

- Basic idea: always searching for jets + leptons + missing energy

jet jet
99
¢ 2 d
o DM escapes:
¢ missing energy
| .g ~~--,W_\‘_1» | E&‘niss
g gluinos  q . ¥
produced , \
q q
jet jet
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model &ty Jets EYS [raqm™) Mass limit Reference
MSUGRA/CMSSM o Jets Yes 203 m{g)=m(i) 1405.7875
3 ,;_..,e" 0 2-6jets  Yes 203 M7 )=0 GoV, m(1* gen. l=m(2™ gen. §) 1405.7875
G—q¥) (compressed) 1y O-1jet  Yes 203 m{g)-miF}) = m(c) 1411,1559
i3, g-.w:A 0 26jets Yes 203 mii})=0 GeV 1405.7875
##, B—qqts —ggWiT) e 36jets Yes 20 ¥} ) <300 GeV, m(F* )=0.5(m(¥})+m(z)) 1501.03555
32, l—o«(({/(ylw“—’? 2 LN 0-3 ]G!S - 20 “?.M&V 1501.03555
GMSB (/ NLSP) 1-2r+01¢ 02jets Yes 203 tang >20 1407.0603
GGM (bino NLSP) 2y Yes 203 mit7)>50 GeV ATLAS-CONF-2014-001
GGM (wino NLSP) Tepsy Yes 48 mit})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1h Yes 48 mii})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e.u(Z) 03jets Yes 58 m{NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 203 m{G)>1.8 x 10~ eV, m(})=m(j)=1.5TeV 1502.01518
F-bbiy 0 3b Yes 201 m{¥})<400 GeV 1407.0600
. Fiky 0 710jets  Yes 203 mii}) <350 GeV 1308.1841
F-o1ily 0-1ep 3b Yes  20.1 my{¥})<400 GeV 1407.0600
B—biky 0-1e,p 3b Yes  20.1 m{¥7)<300 GeV 1407.0800
biby, by—b¥] 0 2b  Yes 201 m(¥)<90 GeV 1308.2631
b\by, b=k} 2e.u(SS)  03b  Yes 203 M =2 miiy) 1404.2500
iyiy, iy —h¥] 1-2ep 126 Yes 4.7 mE]) = 2m(F)), mii?)=55 Gev 1209.2102, 1407 0583
fiiy, iy —Whi) or et} 2e.u O-2jets Yes 203 M} )1 GeV 1403.4853, 14124742
iy, iy -tk 01ep 1-2b Yes 20 i1 GeV 1407 0583,1406.1122
fiy, 0y 0 monojetctag Yes  20.3 m{7,)-mii} )<B5 GeV 1407.0608
i)7y (natural GMSB) 2e.u(2) 1h Yes 203 m{t])>150 GeV 1403 5222
iy, =i +Z 3eul(?) 1b Yes 203 m{E])<200 GeV 1403.5222
finlig, I—68] 2ep 0 Yes 203 mE%)=0 GeV 1403 5294
XA A =dview) 2e.u 0 Yes 203 mE] )0 GeV, m(7. #«0.5(m(E] }em(E})) 1403.5294
XA X =) 2r . Yes 203 mE})=0 GeV, m(z, #)=0.5(m(E] yem(i))) 1407.0350
0o -ohvl. (), (v () e 0 Yes 203 miE] JemiE3), m(F})=0, m(Z, 7)=0.5(m(F] )omii?l)) 1402.7029
,J 23eu 0-2jets  Yes 203 miE] Jem(£3), m(t}])=0. sleptons decoupled 1403.5294, 1402.7029
)?3 A}h 1 hsbb|WW/Tt/yy €Y 02b Yes 203 m{E} Jem(E3), m(¥})=0, sleptons decoupled 1501.07110
X* s —int dep 0 Yes 203 meE2)m(F3), m(E7)=0, m(Z, Fpe0.5(m(E3)emii})) 1405.5086
Direct ¥} ¥| prod., longlived ¥; Disapp. trk  1jet  Yes 203 miE} -miE})=160 MeV, =(F})=0.2 ns 1310.3875
Stable, stopped § R-hadron 0 1-5jets  Yes 279 m{¥})=«100 GeV, 10 us<#(#)<1000 s 1310.6584
Stable ¢ R-hadron Irk . . 19.1 1411.6795
GMSB, stable 7, ¥} —#(,ilrie. ) 124 - - 19.1 10<tang<50 14116795
GMSB, ¥ —yC, long-lived ¥} 2y - Yes 203 2<r(1))<3 ns, SPS8 model 1400 5542
3, X1 —qqu (RPV) 1p, displvix - - 203 1.5 <cr<156 mm, BR(u)1, m{f{)}=108GeV | ATLAS-CONF-2013.092
LFV pp=svy + X, V=€ + 2e.u . . 46 Ay, =0.10, 4;5:=0.05 1212.1272
LFV pp—s¥y + X, ¥y =elp) + 7 lepst - - 46 A3, #0.10, dy203+0.05 12121272
Bilinear RPV CMSSM 2e.u4(SS) 03b Yes 203 m{G)=m(2), cTysp<! mm 1404.2500
R0 = WAL B —eer,, ens, dep - Yes 203 mED)>0.2xmgE] ), 41220 1405.5086
B W ] srrv, e, Bepsr Yes 203 m{E7)>0.2xmiE] ), 45,20 1405.5086
£=qqq 0 6-7 jets . 203 BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013.091
g1, [ —bs 2¢u(SS) 03b Yes 203 1404.250
0 2¢ Yes m{i})<200 GeV 1501.01325

- Scalar charm, &—sc¥|

203— '
A A L ' A llll A A A L A

107!

1 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.



Summary

Exciting times for dark matter searches at the LHC
There is lots of activity from the collaborations

Generic signature is missing transverse energy

Interpreting searches outside SUSY framework is challenging
ATLAS/CMS will use more simplified models going forward

Christopher M€Cabe GRAPPA - University of Amsterdam



Thank you
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Backup
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True model independent limit

What the experiments constrain:
cross-section x acceptance x efficiency

1 19.7 tb' (8 TeV)

| | | 7

i !
“CMS

""" 95% CL Expected limits
= 95% CL Observed limits
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a’
| IIIIII|

10

250 300 350 400 450 500 550
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Useful if | want to constrain my theory but not particularly informative

Christopher M€Cabe GRAPPA - University of Amsterdam



Region I: EFT valid

EFT limit applies to a small class of theories

. 201" Relic density <
Large mediator mass: | too large
> 15} Theorv i _
Mmed £ 3 1eV  Therive |
R S i L
Large couplings: E 10l
\/ﬁ o TNmed :
qIX A 5__
_ _ - EFT limit applies T
Large mediator width: T T rrressrom e oL IR
' > mned o o0 1000

mpm [GeV]
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Region |I: EFT too weak

EFT does not account for s-channel resonant enhancement

Enhanced when

2 2 2
7nnmdrv4hnDNI+“E&

The width plays a crucial role

Peak height scales as 1"

1/4

25007

(\o]
-
S
-

90% CL limit on A [GeV]

Christopher M€Cabe GRAPPA - University of Amsterdam
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Region lll: EFT too strong

EFT does not account for off-shell production

Light mediator masses T M L1000 GeV, g ——
_ Mped=100 GeV, g=0.1 -eeeeem |
Mmed < D00 GeV 01| EFT A=1000 GeV ------- |
_ 001} e
- |
= _
. . . T 0.001 |
Events with a light mediator 3 I B
are much softer ~  0.0001 |
| CMS cut ™% e
16-05 | > T e
EFT limit on g weaker 1e-06 L L
200 300 400 500 600 700 800 900 1000
= limit on A ~ —2¢ is strong MET (GeV)
g
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Other problems

Comparison with direct detection:

-35
— 10735

\ X7 x)(@vur’ 9)

DM —neutron cross section [cm

mpwMm [GeV]

Naive application of EFT limit gives the impression that the
LHC limit is stronger for mpy S 1 TeV

Christopher M€Cabe GRAPPA - University of Amsterdam



Other problems

Comparison with direct detection:
- Important to remember dependence on Mmed

Scattering cross section o, o< A~*

2500F ™ ] R". e
’;‘ Region Il Region Il Region | eglon __________________________________
& 2000} ' |
< =250 GeV = 1000F Regionll  stronger ... -
g 1500F — T=rmpeq/87 B e
*é = — I'=mmeq/3 — | Region Il
i 1000} £ 100}
O E il : XENON100 limit
S S00¢ Xy x)(@vur’ 9) 1 stronger

100 1000 10000 10 100 1000
Mmeq [GEV] mpm [GeV]

As mmeq decreases, direct detection limit is stronger

Christopher M€Cabe GRAPPA - University of Amsterdam



Slicing through parameter space

mpwm| Yx
- We need to fix two parameters to show results:
M eal Yq
104__ 7 Veot L T A L
3 ector: gq=9gom ] i : _
I 0% CLimits | OO0 Axial vector: g=gom
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” 200}
100}
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i w w w w ] O 1111111111111111 Lo T ]
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949, 9bm 99, 9bm

Better elucidation of the complementarity between collider and
direct searches

Christopher M€Cabe GRAPPA - University of Amsterdam



Slicing through parameter space

mpm| Yx
- We need to fix two parameters to show results:
M eql Ya
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- Better elucidation of the complementarity between collider and
direct searches

Christopher M€Cabe GRAPPA - University of Amsterdam



Slicing through parameter space

mpm| Yy
- We need to fix two parameters to show results:
M eal Yq
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- Better elucidation of the complementarity between collider and
direct searches
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