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Content of Lecture 5

e Introduction to search strategies at the LHC

e Complete and simpliflied DM models, their searches at the LHC
and complementarity with other DM searches

Subject is very vast, so idiosyncratic choice of subjects + citations disclaimer
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The Large Hadron Collider (LHC)

- The most powerful particle accelerator in the world, 27 km around, 100 m below ground

- 1600 superconducting magnets operating at 1.9 K
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DM search strategies at the LHC
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CMS
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LHC multipurpose experiments: ATLAS and CMS

Are very large and very complicated detectors!!
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Theorist version of an LHC detector

e Inner layer of silicon detectors: displaced vertices
e EM tracker: path of charged particles

e Calorimeters: stop e, y and hadrons

e OQuter radius of u detectors: muon momenta

e Magnetic fields bend charged particle paths: measure
momentum

There is no DM detector! DM signal is missing energy and
momentum, actually MET (p;). But so is for neutrinos!

In hadron colliders, the initial momentum along the beam axis xp,,,, of the colliding partons is not
known so the amount of TOTAL missing energy/momentum cannot be determined. However,
the initial par tonic momentum transverse to the beam axis p = 0, so any net momentum in
the transverse plane indicates Missing Transverse Energy (MET) really py

(advantage of lepton colliders: can measure the total missing energy/momentum)

Dark Matter School, Lund, Sept. 26-30, 2016 7



Graciela Gelmini-UCLA
Protons are bags of partons
MSTW 2008 NLO PDFs (68% C.L.)
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Protons are bags of partons But not sure the content of the bag
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Scetch of a proton—proton collision

p-p collisions are very complicated

Dark Matter School, Lund,

at high energies

Initial state parton shower
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Monte Carlo modeliing of NLO DGLAP evolution
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p-p collisions are very complicated . o i

Scetch of a proton—proton collision
at high energies

Initial state paron shower
Signal process = production of jers
Final state parton shower

Hadron decays

Underlying event
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Protons come in as
color singlets.
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DM searches at the LHC

Main signature:

DM particles escape detection at colliders, thus they are characterized by
missing transverse energy (missing Ez, MET) in collider events.

Caveats:
- The DM particles may be too heavy to be produced (above a few TeV).

- A signal produced by a particle escaping the detectors with lifetime ~ 100
ns cannot be distinguished from one with lifetime > 10'7 s as required for DM
particles.

- Hadron colliders are relatively insensitive to DM that interacts only with leptons.

- A DM signal may be hidden by backgrounds.
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Main backgrounds for DM MET search
e "QCD background”

Measuring MET is difficult because requires measuring accurately EVERY THING
VISIBLE. Miss-measurement of jet energies is a source of fake missing
momentum.

e Neutrinos are a background if they cannot be identified
- Z — v 20% of the time - look like DM MET.

- W — V7, if the charged lepton ¢ is missed, v cannot be identified and looks
like DM MET.

- Same for 7 decays, also produce v's and £'s
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Searches at the LHC T2 _
- Either in complete theories ©epes 3 /,,/*1
DM through known decay chain gl B e, 2
(specific UV complete models e.g. SUSY, >.a : q;1

or simplified topologies) | \ a\\

- Or direct DM production plus a visible particle either in effective field theories
(EFT) or simplified DM models

7 " 7 con q TriggerablE
photon or gluon (“monophoton” or “monojet Object(s)
signal) or mono-W's (leptons), mono-Z's (Jet,y,Z ..)
(dileptons), or mono-Higgses. -

X
h%'\
\ Missing
Initially done only for EFT q ¥ Energy
X r— q | X P q ' )
i q e 1 interaction
X f q METm@ X ™~ g

Dark Matter School, Lund, Sept. 26-30, 2016 14



Spectrum of DM Theory Space

Less Complete

Effective Field Theories

Simplified
Models

Sketches of Models

Models

UV Complete
Models

More
Complete
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Complete and simplified DM models,

searches at the LHC and
complementarity with other DM searches
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Effective Field Theory
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UV complete models - E.g. Supersymmetry (SUSY)
Most studied model

e Symmetry between bosons and fermions.

e Models are completely calculable

e Hierarchy: maintains EW scale << GUT scale
e Requires two Higgs doublets minimum.

e Every known particle has supersymmetric partner(s)
Fermions:
SM fermions: 7, g
gauginos: T?, ﬁf,g
Gravitinos: G

higssinos: H

o R-parity= (=1)*BTL+25 is Poyr = +1, Pgysy = —1
distinguishes SM particles and SUSY partners

Dark Matter School, Lund, Sept. 26-30, 2016
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Many versions of SUSY- Many parameters

MSSM

e Minimum number of particles (SUSY partners+ two Higgs doublets)
e Number of parameters: those of the SM + 106!!!

e Parameter reduction:
— pMSSM: simplified weak-scale MSSM: SM + 19 p.
— CMSSM: constrained MSSM: SM+5 parameters

(mo, Ao, mip2, tanp, u)
— mSUGRA: minimal supergravity: SM-+5 parameters (mg, Ag, m ,tanf, sign of u)

NMSSM

e Non Minimum number of particles (extra singlet Higgs, etc)

Dark Matter School, Lund, Sept. 26-30, 2016 19



Many versions of SUSY- Many parameters

MSSM-124
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SUSY models

e |f R-parity is conserved, the Lightest Supersymmetric Partner (LSP) is stable,
thus a good WIMP dark matter candidate (if neutral and colorless):
— ¥ sneutrino, G Gravitino (partner of graviton), & axino (partner of the axion) or

~—

x° neutralino (gaugino/ higgssino, partner of neutral gauge boson/Higgs boson)
e In the MSSM the usual LSP is the lightest neutralino. In the basis B, W3, HY,

HY the mass matrix is M, 0 —Mzcgsw  Mzsgsw
0 Mg Mz(:ch —MzSngv
—Mzcgsw Mchcw 0 — K
Mzsgsw —Mzsgew —u 0

tanf = vy/vy, M . Bino mass, M, : Winos mass, u . mixes H; H,
e |f one stage unificatlQn of fundamental forces: M, =2 M, o
if M; <|u|, LSP= B typical cMSSM, if M| ~ |u|, LSP = mixed B-H OK

e |f R-parity is conserved, an unstable SUSY particle decays into another SUSY
particle and SUSY particles are only produced in pairs from SM particles.

Dark Matter School, Lund, Sept. 26-30, 2016 21
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LHC typical SUSY decay chain

2 isolated leptons

+ 2 b-jets ’

+ 4 jets
miss

+ Et

Typical topology:

® missing energy

e multiple hadronic jets

e number of leptons
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MSUGRA Start at the GUT scale with few parameters and use renormalization

group equations to get to the electroweak scale.
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K. Olive,

astro-ph/0301505

|

1 10 Il
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pMSSM (phenomenological MSSM) Has 19 SUSY parameters
directly defined at the electroweak scale: u, myu, tan g, Ay, A;, A, My, My,

M3, mo1, mg3, m,1, Mgr, M3, Mg3, My, Mr3, Mep, M3

Dark Matter School, Lund, Sept. 26-30, 2016
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mSUGRA/CMSSM were in serious troubles by 2013

MSUGRA/CMSSM: tan(B) =30, A, =-2m, i >0
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SO:e Use more parameters, pMSSM, or more particles NMSSM or
e Simplified SUSY model spectrum (SMS) with 100% BR for decay chain

considered

Dark Matter School, Lund, Sept. 26-30, 2016
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pMSSM (phenomenological MSSM) LHC bounds

Cahill-Rowell et al 1305.6921
Only a few Bino LSP models with coannihilation can still constitute all the DM
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“Direct Detection”

LSP B-like (typical in CMSSM) is overdensed - or fine-tunned
(Gamnin into f f through 7 exchange is helicity suppressed ~ m )
LSP H-like and W -like are underdensed unless m ~ TeV's (large Gapin to WYW=, ZZ orf f)

Dark Matter School, Lund, Sept. 26-30, 2016 25



Models will be tested by:

e direct detection (green) - black
line is reach of LZ

e indirect detection with
FermiLAT and future CTA (red)
e other indirect detection (blue)
e escape all other searches and
will be tested only at the LHC
(magenta).

e Gray regions will survive all

searches in the near future.

Dark Matter School, Lund, Sept. 26-30, 2016
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pMSSM - Complementarity of Searches neutralino in the pheno-
menological MSSM with 19 free parameters, 50 GeV<m< 4 TeV, 2 10° points, each a
model- Notice R = Q,/Qpy: fraction of DM density. Ro in vert.axis. Cahill-Rowley et al. 1405.6716

— XENONIT .
Survives DD, ID, and LHC .
Excluded by LHC but not DD or ID .

Excluded by DD and ID
Excluded by ID but not DD | 7]
Excluded by DD but not ID

102

m(x;) (GeV)
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SUSY Simplified Models Spectrum (SMS)

LSP mass

pp —)' tt t —) ty x1 ICHEP 2016 ATLAS Exotics Searches* -

Status: August 2016

95% CL Exclusion
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ATLAS Preliminary
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states or phenomana is shown. Lower bounds are spacified only when explicitly not exciuded.
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SUSY Effective Field Theory

Dark Matter School, Lund, Sept. 26-30, 2016 28
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At the other extreme of a complete theory is Effective Field Theory.
“MONQ"”-Searches at the LHC

Direct DM production plus a photon or gluon (“monophoton” or “monojet”
signal) or mono-W's (leptons), mono-Z's (dileptons), or even mono-Higgses.

q qq scalar ;:;‘% YYaqq
qq vector E_.F)ff‘__,m}fyq
qq axial-vector :'Lflff Y Xy’ q
qq tensor A}J Yo qomg
q 99 scalar 4w Yxas(Gy, )2
Initially done only for
CONTACT INTERACTIONS - Fi ’ e ’ >./ q
(EFT couplings) X : g M2 M2 X ~ q

Dark Matter School, Lund, Sept. 26-30, 2016 29
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“MONQ”-Searches at the LHC

Mono-Z Mgno photon Mono
] b4
g X ji j
3 z Mono-Higgs
1 q : L h q e h
X X
: . q X q <X
Mono-W Mono-top
v
u i u —»—mg//vx< “ Lo x
X
Ll L <
X
d d +'< g t i t
_ i
W ) X
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EFT “Mono’- searches at the LHC direct production plus a photon or

gluon (monophoton monojet signal) for CONTACT interactions Beltran et al 1002 4137; Fox et al 1203.1662

1035, === monojet PICASSO__J
— razor ‘
..... combined DAM h 10'33 E
G107  +33 ; ; _
= SIMPLE % | 10°° [CoGeNT limits
[75] ’f 1 =
& - R | CE 7 ) .~ ‘ =
11 i SR | -
,,,,, 109
/-" Spin-dependent { E " &, A il
1074 ‘ : : L I
0.1 1 10 100 1000 E 10 ==-
m,[GeV] S =
s ﬁ
-42 |__
r s} S . .
10°% 1077 CDMS limits
10738 10-43 =
D100 oz CoGeNT W 44| s Xenon 100 reach .-~ __./
B F . S 107" = . SCDMSreach  __.--- s
= === monojet - L T
§10742 — razor ~ . s, S __ _______
----- combined _45 Sfaegziiia=="
10 E
wl o mccamameen :s LHC%xG®50reach o eeammeemeT
107%r _sawene XENON - 100 1 - L pememgwSTARAETS
2 7 1) (@ G G*) Spin-independent 10-46 ———— 1 Lol 1 Lol 1 Coc el 1
7 ER— i ey e e 3
10761 i i0 100 1000 1 10 102 10
(GeV)
m,[GeV] m'X

CAVEAT: in direct DM detection “contact interaction” if mediator M> g >
MeV's but at LHC g much larger, M> 100’s GeV- Compare with care!
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“Mono’’- searches at the LHC - direct detection limits must
be compared with care.

The approach using single effective operators with contact interactions, is limited
because of absence of possible interference between different operators, effect of
lighter mediators than those necessary to have a contact interaction at the LHC...

A mediator heavy at the partonic LHC energies is also heavy in direct detection
BUT THE OPPOSITE IS NOT TRUE. If the mediator is light for the LHC, could
itself be produced (and at LEP etc) so limits change.

Now trying to use “simplified models” and classify classes of mediators in the
s-channel and the t-channel, or by the way the DM relic density could occur (e.g.
proposed “Benchmarks for DM detection at the LHC" De Simone, Giudice & Strumia
1402.6287)

. Lots of work to do in this direction...

“LHC Dark Matter Working Group” recommendations: 1603.04156

Dark Matter School, Lund, Sept. 26-30, 2016 32
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EFT vs “simplified model”

e Many different FT couplings have the same EFT limit! Many,
many models to study. How to classify them?

e For light enough mediators, limits on them are important.
The mediators themselves can be created at the LHC and other
accelerators.

Dark Matter School, Lund, Sept. 26-30, 2016 33



90% CL limiton A [GeV]
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Example: EFT VS ad “Simplified mOdeI" Buchmueller, Dolan, Mc Cabe 1308.6799

q g
EFT
approach
q
2500 W
i Region Il Region 1l Region I
2000} ]
[ mpm=250 GeV
1500} —— T'=peq/8n
== [=Mgey/3
1000}
500f @7y Q@rnrq
[ AE
0-..| B, . N
100 1000 10000
Mmed [GeV]
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q 9 X
I
one diagram
“simplified model”

q X

Three Regions as function of mediator mass:

Region |: Heavy m,,o4

» EFT is valid!

Region |I: Medium m, .4 — Resonant enhancement
» EFT limits are too conservative!

Region lll: Low m_ 4

» EFT limits are too aggressive!
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How to present “simplified models”
“LHC Dark Matter Working Group” recommendations, 1603.04156

Main result of the interpretation of collider search in simplified model

Graciela Gelmini-UCLA

Usual “LHC limits”
For 95% CL [not 90%]

Clearly state 1000 ————————————
Main assumptions Vedon e by 2,
entering the result ¢4 Unceraintes
- Mediator T Relic density
a yp = cool SKETCHfor |
e ouphngs 8 _ illustration _
e ,--s‘ 4
> - ! -
2 400t . ]
3 . 5 ;
. ] _
1
AllbasedonLHC 200} !
DM WG recommendation ! ol
1603.04156 f e t
50 1000 1500 2000
Mpeq [GeV]

Dark Matter School, Lund, Sept. 26-30, 2016

> |ndicate Relic density
line but do not use it

as “validity” requirement.
lts FI only.

[more caveats and
discussion are provided
in the report]
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“Mono” searches - Simplified Model - Vector mediator-
SI

ICHEP 2016

S 107 CMS Preliminary
— Vector med., Dirac DM CMS observed exclusion 90% CL
%1073 =025g =1
o) 9y =02 9py =

CMS DM+quq
[EXO-16-037]

CMS DM+y
[EXO-16-039]

' CMS DM+Z,
7 [EXO-16-038]

s i

i QMSLite 2015
PN 2\ ‘
10 DD observed exclusion 90% CL
-41
10 CRESST-II
1 0_42 [arXiv:1509.01515]
_43 CDMSLite 2015
10 T [arXiv:1509.02448]
: U e LUX 2015
45 T [arXiv:1512.03506]
10°
PandaX 2016
10746 = [arXiv:1607.07400]
{2 el 2 3
10 10 10
Mpy [GeV]
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“Mono’searches - Simplified Model Axial-Vect. mediator

- SD ICHEP 2016
“'E' 107 SE
G . sl CMS Preliminary
= 1077 Axial-vector med., Dirac DM CMS observed exclusion 90% CL
5 e CMS DM+/V._
E [EXO-16-037]
P CMS DM+y
10-%8 E- [EXO-16-039]
= CMS DM+Z,
10-39 E i [EXO—TB-CJSIB}
1 0—40 E- DD/ID observed exclusion 90% CL

Pico 2L
[arXiv:1601.03729]

Pico 60
[arXiv:1510.07754]

““.l-‘“““__ L] LT ICE TN - Super.K 'E+‘E'
CMS DM+, [EXO-16-037] [arXiv:1503.04858]

lceCube t*1°
[arXiv:1601.00653]

10-4

10—45 1 IIIIIII L 1 IIIIIII 1 1 IIIIIII
10 10° 10°

How would these results compared if for this particle Q/Qpy = f=0.017
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Example of complementarity of DM searches Simple contact
interaction model considered for the Snowmass 2013 study (saver et al. 2013)

1 _ _ ads _ 1 _ =
=15 Zr'vsx ), av,rsd + 23 AXGTG e O OREIR
q q 8 14
DM interacting with quarks
TS DY T T TP T T ik S Ao
The interactions with quarks mediate SD direct signals /'
(*), and those with gluons mediate Sl direct signals.  10° |5 7

M, M,, and M, are chosen so that the relic density is
exactly that of the DM though thermal production.

o(xx~quarks)/oy,

(* You will prove that y#ys leads to SD scattering). 100 )
Notice that: the limits would be very different if .

. . 107% - ¢ / 3
the DM candidate accounted for only a fraction 2 Tourrent
Q/Qpy = f < 1 of the DM (*¥) T —————

m, (GeV)

(* In exercise 10 you will explore this - assuming the indirect limits come from DM annihilation).

Dark Matter School, Lund, Sept. 26-30, 2016 38



Graciela Gelmini-UCLA

Important complementarity of dark sector particles and
mediators searches More complete Simplified Model chais et a1 1503.0501

Dark Sector Particle (DSP) y and mediator R in all channels:
a) DM annihilation which sets the relic abundance,

b) DM scattering in direct detection experiments,

d) LHC Dijet resonance signatures purely through mediator-quark couplings and

(
(
(c) monojet signatures, in this case due to initial state radiation of a gluon,
(
(e) dijet associated production (at UA2, CDF, CMS, and ATLAS)

Dark Matter School, Lund, Sept. 26-30, 2016 39
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Example of combined constraints (at 95% CL): everything excluded!

Chala et al. 1503.0591
104_ ' LA L | v WL |
g; = 1’ gg =1 (.;Q_O
b\)
Q@
o 6@—:,—"/—} -------------
PDljet.s Oéa ,, / |
/W /’
T V.
0 103 . & N -
_m. t Monojem y 1 7 JIQ. :
= R D
A 4 ;o
// :‘ }q {’&'\' o -Qc>
o ; S D
F E /S
O /&
= S !, S
| 3 7 I o
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This shows that for each LHC DM Simplified Models there should be a complete

study of the mediator particles in all experiments too.

A lot of work remains to do at the LHC!
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Brief comment on accelerator dark sector searches Dark Sectors
Workshop 1608.08683

Dark sectors include one or more mediator particles coupled to the SM via a portal. The portal
relevant for dark sector-SM interactions depends on the mediator spin and parity: it can be a

scalar @, a pseudoscalar a, a fermion N, or a vector A (dark or hidden photon).

- ﬁ B, F'* vector portal
w
o (up + A\¢*)HTH , Higgs portal
YnLHN neutrino portal
\ %FMVFMV ; axion portal.

Many proposals to detect dark sector particles in all types of accelerators (fixed
target, lepton colliders, B factories).

e.g. Dark Photons A" search at LHCb via rare heavy quark decay modes producing
a A which could either produce MET or a visible decay, A — u*pu~ with or
without a displaced vertex.
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TABLE I: Summary of dark photon experiments.

Graciela Gelmini-UCLA

il
> :
g S §
g o 2 & ~
e 5, ) g et [ & =)
|5 = wl = o < g §| &
|51 5|8 F |2 |5|F 5 § |53
Experiment| =3 & a = -'§ = & | & = = g |2
APEX JLab |e-brem| £*¢~ |no| 65—600 | 0.5% | e~ |1.1-4.5 150 pA CEBAF(A) 2010|2018
Al Mainz |e-brem| ete~ |no| 40— 300 ? e~ |0.2-0.9 140 pA MAMI  |2011] -
HPS JLab |e-brem| e'e™ |yes| 20—200 | 1-2 £7 1-6 50-500 nA CEBAF(B) |2015|2018
DarkLight | JLab |e-brem| e'e” |no| <80 2 e | 01 10 mA LERF 2016(2018
MAGIX Mainz |e-brem| ete~ |no| 10— 60 ? e~ | 0.155 1 mA MESA (2020 -
NA64 CERN |e-brem| eTe no| 1-350 ? v 100 |2 x 10" EOT/yr SPS 2017|2022
Super-HPS | SLAC |e-brem| wis |yes| < 500 ? e” | 4-8 1 pA DASEL ? 7
(TBD) Cornell |e-brem| ete 7| <100 ? e~ |0.1-0.3 100 mA CBETA ? T
VEPP3 Budker | annih | invis |no| 5-—22 1 et | 0.500 | 10%3cm—2s~! VEPP3 |2019| ?
PADME  |Frascati| annih | invis [no| 1—24 |2-5| et | 0.550 | <10 etOT/y Linac 2018 7
MMAPS | Cornell | annih | invis |no| 20—-78 |1—-6| et | 6.0 | 10*ecm 257! Synchr T |7
KLOE 2  |Frascati|several |vis/invis| no |[< 1.1GeV| 1.5 |ete™| 051 |2x10¥2cm™2%s~!| DA¢NE |(2014| -
Belle 11 KEK |several |vis/invis|no | <10GeV | 1—-5 |efe™| 4x7 | 1~10ab~!/y |Super-KEKB|2018| -
SeaQuest | FNAL [several| ptp~ |yes|<10GeV |3 —-6%| p 120 10" POT/y MI 2017(2020
SHIP CERN |several| wis |yes|<10GeV|1-2 | p 400 |2 x 10%° POT/5y SPS 2026| -
LHCb CERN |several| £7¢~ |yes|<40GeV| ~4 | pp | 6500 ~10fb7/y LHC 2010|2015
26-30, 2016
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