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QUEST FOR DARK MATTER  
AT COLLIDERS AND BEYOND
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Outline
✦ Evidence for Dark Matter

✦ WIMP Miracle

✦ Status of Direct Detection Searches

✦ Indirect Detection Results

✦ Dark Matter at Colliders


๏ EFT Approach

๏ Simplified models of Dark Matter

๏ Latest results


✦ Outlook
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Dark Matter 
from Cosmos
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Dunkle Materie
✦ Fritz Zwicky was first to suggest the possibility of DM in the 1930-ies 

by observing the Coma cluster of galaxies and comparing the 
velocities to the ones expected from the virial theorem:


✦ Found that galaxies move too fast to remain bound unless there is 
additional invisible mass (DM)


✦ N.B. Similar technique as used by Le Verrier in 1846 to predict the 
existence of Neptune from the distortion of the Uranus orbit

�4
Graciela Gelmini-UCLA

‘Weighing’ galaxy clusters?

In 1933 Fritz Zwicky found the
first indication of the DM.
Used the “Virial Theorem”

Example: for planets
GM⊙m

r
= mv2

|Gravitational Potential Energy|=2×Kinetic Energy

in the Coma Cluster: found its galaxies move too fast to remain bounded
by the visible mass only)

Later: also gas in clusters moves too fast (is too hot - as measured in
X-rays) to remain in it, unless there them DM.

PASI 2012, Buenos Aires, March 8, 2012 14
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Galaxy Rotation Curves 
✦ In the 1970-ies, Vera Rubin has 

measured rotation curves in a number 
of spiral galaxies, only to find flat 
distribution, indicative of hidden mass

�5

v ⇠ 1/
p
r

Graciela Gelmini-UCLA

Start by ‘weighing’ the Sun

GM⊙m

r2
= m

v2

r
⇒ v =

√
GM⊙
r

Rotation curve

⇒M⊙ = 1.9889× 1030 kg

PASI 2012, Buenos Aires, March 8, 2012 10

v ⇠ 1/
p
r
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Gravitational Lensing
✦ One can also infer about 

the distribution of dark 
matter mass using weak or 
strong lensing

�6
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Other Observations
✦ Observation of the Bullet cluster by the Chandra X-ray 

satellite showed that hot matter is left behind the clouds 
of dark matter (reconstructed via gravitational lensing)

�7

DM

DMGas Gas
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Abundance Measurements
✦ The leading model of 

cosmology is ΛCDM, favored 
by cosmic microwave 
background measurements, 
baryon acoustic oscillations, 
gravitational lensing and 
other observations


✦ Latest CMB data dominated 
by the Planck satellite results, 
suggest the following 
components of the energy 
balance in the universe�8
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WIMP Miracle
✦ With the development of SUSY in the 1970-ies, it was 

quickly realized that a neutral, weakly interacting particle 
with the mass of ~100 GeV can naturally serve as a DM 
candidate


✦ This is known as "WIMP Miracle" and is one of three 
miracles of SUSY (the other two being a natural solution to 
the hierarchy problem and the unification of couplings)


✦ As the universe expands and cools down, WIMPs thermally 
decouple (i.e., can't annihilate any longer), giving fixed DM 
abundance:

�9

⌦DMh2 =
0.2⇥ 10�9GeV�2

h�vi

h�vi ⇠ 10�9GeV�2

⌦DM ⇠ 0.2
(weak cross 
section)
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Relic Abundance
✦ When DM is in thermal 

equilibrium w/ matter, both the 
formation and annihilation are 
possible and equal: 

✦ As the universe cools down, 
the formation is not possible, 
and only annihilation remains: 

✦ As the universe further 
expands, the annihilation is no 
longer possible: DM freezes out


✦ This DM is non-relativistic (cold) 
with typical velocity ~300 km/s�10

��! qq̄

�� ! qq̄

24 April 14 Feng 9

FREEZE OUT

(1) Assume a new heavy 
particle X is initially in 
thermal equilibrium:

XX ↔⎯ qq

(2) Universe cools:

XX  ⎯ qq

(3) Universe expands:

XX ⎯ qq

→←/

→←//
Zeldovich et al. (1960s)

(1)

(2)

(3)

Increasing
annihilation
strength
↓

Feng, ARAA (2010)

⌦DMh2 = 0.12

Cold

Hot
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Nota Bene
✦ While WIMPs are the most sought and theoretically preferred DM 

candidates, they are not the only known possibility:

๏ Axions (very light axial-vector particles proposed to solve the "strong CP" 

problem, could also serve as DM candidate

๏ Dark sector (DM has complicated structure and is found in the dark sector, 

which only communicates to SM particles weakly)

๏ Compact astronomical objects and primordial particles, such as super-heavy 

monopoles, could also be DM candidates

✦ Finally, while a single DM source is economic, the nature may have opted 

for a more complex solution, and there may be several sources of DM

✦ In what follows we will nevertheless focus on WIMP DM, predicted not 

only by SUSY, but also by other new physics models attempting to solve 
the hierarchy problem of the standard model (e.g., models with extra 
dimensions in space)


✦ Generally speaking, any model that predicts a stable, weakly interacting 
massive particle, whose stability must be ensured by a certain symmetry 
(e.g., R-parity in SUSY), could be a good DM candidate

�11



 S
lid

e 

SIMPs	/	ELDERS	
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Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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≈
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Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13
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Dark Matter Landscape
�12

Battaglieri et al., rXiv:1707.04591

{ This talk
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Known Unknowns
✦ While the true origin of DM is unknown, several things 

about DM are well understood

✦ Assuming that DM has particle origin we know that:


๏ It has to be a neutral particle

๏ It's unlikely that it carries color (strong interactions)

๏ It must be stable on a cosmological timescale

๏ It must have the right abundance, which sets constraints 

on its decay channels, couplings, and mass

✤For example, ordinary neutrinos can't be a sole source of DM, 

despite having mass

✤ In order to achieve the right abundance, DM must be able to 

interact with the SM particles, which is usually achieved by 
introducing a "mediator" a particle coupled to both SM 
species and DM

�13
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Searching for Dark Matter
✦ A clever way of searching for DM is to look for a recoil of DM from a 

heavy nucleus

✦ These types of experiments use very cold targets and are conducted 

deep underground to shield cosmic rays

✦ The sensitivity drops dramatically for a light DM, as there is not much of 

a recoil!

✦ Latest generation of experiments uses liquid 

uses Xe as the target (LUX,  
Xenon1T, PandaX, LZ)


๏ As the dominant Xe isotope has  
spin 0, these experiments are  
sensitive mainly to  
spin-independent (SI) scattering  
and benefit from a resonant 
enhancement ~A2


๏ Other targets are used to probe 
spin-dependent (SD) scattering  
(C4F10, CF3Br, etc)

�14



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- D

M
 a

t C
ol

lid
er

s 
an

d 
Be

yo
nd

 - 
C

ol
lo

qu
iu

m

Direct Detection Experiments
�15

SuperCDMS

CoGeNT
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FIG. 8: Left: Constraints and projections (90% c.l.) for the DM-nucleon scattering cross
section. Thick gray lines are current world-leading constraints [108, 116, 129, 130]. Projections are
shown with solid/dashed/dotted lines indicating a short/medium/long timescale, respectively, with
the same meaning as in Fig. 6. Blue lines denote the DoE G2 experiment projections. Yellow region
denotes the WIMP-discovery limit from [131] extended to lower masses for He-based experiments.
Right: As in left plot, but focused on the 100 MeV to 10 GeV DM mass range.

FIG. 9: Constraints from direct-detection experiments (solid lines), colliders and indirect detection
(labelled, dashed), and projections for new experiments (labelled, dashed/dotted lines) for the
spin-dependent scattering cross section for protons or neutrons o↵ nuclei. Constraints
are shown from PICO-60 [116], LUX [132], PICO-2L [133], PICO-60 CF3I [134], and IceCube [135].
Projections from PICO (proton) and LZ (neutron) are also shown [115]. The expected background
from atmospheric, supernova and solar neutrinos in both xenon and C3F8 is shown by the shaded
regions [131].
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Direct Detection Constraints
✦ State of the art results dominated by the latest Xenon 1T result, with 

Lux & PandaX-II being close second/third (SI) and PICO (SD)

✦ Large neutrino detectors (IceCube, SuperK) are also sensitive to DM 

via annihilation inside the Sun or (very slow) decay

✦ Note the SD limits are ~6 orders of magnitude weaker than the SI ones

�16
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Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX (2013)

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 

  
 

NEUTRINO COHERENT SCATTERING

CDMSlite

(2013)

SuperCDMS SNOLABLUX 300-day

SuperCDMS  SNOLAB

(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

Future of Direct Detection
✦ Next generation of DD experiments will reach the "ν floor"

�17
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Indirect Detection
✦ Look for DM annihilation in SM particles,  

further decaying to lighter species (bb, ττ, ...)

๏ Every time a π0 is created, it decays into  

two photons - look for an excess of γ rays  
in the sky


✦ Number of ground-based (HESS, Magic, Veritas) and space-based 
(Fermi-LAT) instruments

๏ Look for γ ray emission from the center of galaxy, cluster of galaxies, 

dwarf galaxies, etc.

๏ Certain hints (galactic center, dwarf 

galaxies) have been reported, but  
no definitive observation (yet)


๏ Could also look for positron  
emission (AMS, Pamela)


๏ Results reported in terms of 
velocity-averaged annihilation 
cross section

�18
an improvement in analysis methods and indeed the recently presented PASS8 results are
already excluding WIMPS below the thermal cross-section up to 100 GeV. The next major
step forward will be the Cherenkov Telescope Array, CTA, an array of about 80 telescopes
with a factor 10 improved sensitivity and an extended energy range from about 10 GeV to
40 TeV [33]. A prediction more or less based on scaling performances of IACTs arrived at
the conclusion that the thermal WIMP cross-section could be probed at masses between 100
GeV and 10 TeV [34, 35] . For CTA, systematics on the cosmic ray background estimate
(ratio between o↵ and on region acceptance) and irreducible di↵use emission can become
critical in the limit of large event statistics. An attempt to account for both has been
presented in [36] with somewhat dimmed expectations. Also pair conversion telescopes
are planned, foremost GAMMA-400 [37], the DArk Matter Particle Explorer (DAMPE)
[38] and the High Energy cosmic Radiation Detector (HERD) [39]. Both have in common
very deep calorimeters, enabling energy resolution of the order of 1 %. The latter has an
envisaged e↵ective area of about twice the Fermi-LAT, and main progress can be expected
in the area of spectral feature detection. e.g. [20].

Figure 2: Left panel: current most relevant constraints on annihilation cross-section versus
mass for quark-channels. Fermi-LAT dwarfs [26], HESS dwarf galaxies [31], HESS halo [28],
VERITAS Segue1 [30], MAGIC Segue1 [29]. Right panel: Constraints in the next decade:
VERITAS 1000h DM programme [32], HESSII (my guess), Fermi-LAT dwarf and CTA [35]
and CTA including systematic uncertainties [36]. Model points, taken from [47], (as in
other figures) represent MSSM-7 with red colour: consistent with cosmological dark matter
density, blue colour: annihilation cross-section allowed to be smaller.

3 Charged cosmic-ray probe: a clear signal – but of what?

The main signature for DM in charged cosmic rays are in the anti-proton and positron
channel. Anti-particles are very rarely produced in secondary processes and even a small
addition of anti-particles produced in WIMP annihilation could give rise to a detectable
signal, revealing itself as a rise in the positron to electron or antiproton to proton ratio,
conveniently the ratio is taken to cancel acceptance systematics which should a↵ect particles

5

Thermal relic  
cross section



Monomania, or 
LHC as a Dark 
Matter Factory
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Make It, Break It, or Shake It!
✦ There are three main approaches to detect dark matter (DM):


๏ DM-nucleon scattering (direct detection, or DD)

๏ Annihilation (Indirect detection, or ID)

๏ Pair production at colliders


✦ All three processes are nothing but  
topological permutations of one and  
the same Feynman diagram:

๏ But: how to trigger on a pair of  

DM particles at colliders?

๏ Initial-state radiation (ISR: g, γ,  

W/Z, H, …) to rescue!

✦ Original idea - to use ISR - appeared  

eight years ago:

๏ Beltran, Hooper, Kolb, Krusberg, and Tait,  

“Maverick Dark Matter at Colliders” arXiv:1002.4137 (299 citations)

�20

PRODUCTION OF DARK MATTER AT CMS

• Search%for%evidence%of%pair[produc=on%of%Dark%MaAer%par=cles%(χ)

• Dark%MaAer%produc=on%gives%missing%transverse%energy%(MET)

• Photons%(or%jets%from%a%gluon)%can%be%radiated%from%quarks,%giving%monophoton%
(or%monojet)%plus%MET

3

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Figure 1: Dark matter production in association with a single jet in a hadron collider.
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36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Mono-Mania
✦ More phenomenological follow-ups sparked interest from the collider 

community:

๏ Goodman et al, arXiv:1005.1286, 359 citations

๏ Bai, Fox, Harnik, arXiv:1005.3797, 361 citations

๏ Goodman et al, arXiv:1008.1783, 574 citations

๏ Fox, Harnik, Kopp, Tsai, arXiv:1103.0240, 238 citations - LEP reinterpretation

๏ Fox, Harnik, Kopp, Tsai, arXiv:1109.4398, 424 citations - LHC case


✦ The first experimental search came from the CDF collaboration:

๏ Mono-top, arXiv:1202.5653, 27 citations

๏ Monojets, arXiv:1203.0742, 85 citations


✦ Was quickly followed and superseded by ATLAS and CMS:

๏ CMS, Monophotons, arXiv:1204.0821, 188 citations

๏ CMS, Monojets, arXiv:1206.5663, 274 citations

๏ ATLAS, Monophotons, arXiv:1209.4625, 170 citations

๏ ATLAS, Monojets, arXiv:1210.4491, 248 citations


✦ ...and then the hell broke loose with dozens of other mono-X searches

�21
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Effective Field Theory
✦ Effective Field Theory (EFT) is a convenient 

simplified description of a complicated process 
via effective operator (and effective coupling)


✦ Most well-known example: Fermi theory of muon 
decay

�22

Muon Decay µ
−
→ e

−
+ νµ + νe

Muon decay has been studied for decades and continues to be studied today as a

means for testing the Standard Model and search for evidence of New Physics

W

1 : µ

3 : νµ

2 : ν̄e

4 : e

• Again, working in the limit of q2 ≪ M2
W , the amplitude is

M =
g2

w

8M2
W

ˆ

ū3γµ(1 − γ5)u1

˜ ˆ

ū4γµ(1 − γ5)v2

˜

• This is identical to the amplitude in the previous example, except for u2 → v2,

but both either spinors give us /p2 in the trace (sincemν = 0)

Physics 506A 14 - Weak interactions Page 11

Muon Decay II

• We have the identical spin-averaged squared matrix element as e ν scattering

D

|M|2
E

=
2g4

w

M4
W

(p1 · p2)(p3 · p4)

• Since the kinematics of µ decay are different from those of e νµ scattering, we

will need to start our work here.

• In the muon rest frame, (p1 · p2) = mµE2, and

(p3 · p4) =
ˆ

(p3 + p4)2 − p2
3 − p2

4

˜

/2

=
ˆ

(p1 − p2)2 − 0 − 0
˜

/2

=
ˆ

p2
1 + p2

2 − 2p1 · p2

˜

/2

= mµ(mµ − 2E2)/2

• The spin-averaged squared matrix element simplifies to
D

|M|2
E

=
g4

w

M4
W

m2
µE2(mµ − 2E2)

Physics 506A 14 - Weak interactions Page 12

Muon Decay Rate

• Integrating over the electron energy, we obtain the muon decay rate:

Γµ =

„

gw

MW

«4 m2
µ

2(4π)3

Z mµ/2

0

E2

„

1 −
4E

3mµ

«

dE

=
1

6144π3

„

gw

MW

«4

m5
µ

• In the limit of q2 ≪ M2
W , our results always depend on the ratio of gw and

MW , and not the two constants separately.

Hence we can define the Fermi coupling constantGF , by GF =
√

2g2
w

8M2

W

• This allows us to write the muon lifetime as

τµ =
192π3

G2
F m5

µ

Physics 506A 14 - Weak interactions Page 17
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GF

✦ But, just like applying Fermi theory to 
describe W production at the LHC 
would fail completely, one has to be 
very careful about applicability of 
effective theory 
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Dark Matter Interactions
✦ Early DM searches: EFT based


๏ Since then understood the  
fundamental limitations of 
EFT and moved to simplified 
models


✦ Moving away from EFT  
allows for a more fair LHC  
vs. DD/ID experiments 
comparison and  
emphasizes the 
complementarity of  
the two approaches

�23

χ

χ

q

q

M

D
ire

ct
 

de
te

ct
io

n

Freeze-out, 
indirect detection

Collider 
production

gχ gqmχ

Fundamentally 4D problem!
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Realistic Example
�24

q

q̄

�

�̄

g

Q

q

q̄

�

�̄

g

Z
�

Figure 2. Left panel: The monojet process from a qq̄ initial state in the EFT framework. The con-
tact interaction is represented by the shaded blob. Details of the particle mediating the interaction
do not have to be specified. Right panel: This shows a UV resolution of the contact interaction for
an (axial)-vector mediator Z

0
, exchanged in the s-channel. The momentum transfer through the

s-channel is denoted by Q.

exchanged in the s-channel. We remain agnostic to the precise origin of the vector mediator

and its coupling with dark matter and quarks. One example of such a mediator is a (axial)-

vector Z
0
, a massive spin-one vector boson from a broken U(1)

0
gauge symmetry [40, 41].

A second example is a composite vector mediator, similar to the ! in QCD [42]. In either

case, in addition to the usual terms in the Standard Model Lagrangian, the Lagrangian

with general quark interaction terms is

L = �
1

4
Z 0
µ⌫Z

0µ⌫ +
1

2
m2

medZ
0µZ

0
µ + i�̄�µ@µ� � mDM�̄�

+ Z
0
µ�̄�

µ(g�V � g�A�
5)�+ Z

0
µ

X

q

q̄�µ(gqV � gqA�
5)q .

(3.1)

Here mmed is the (axial)-vector mass term and gV and gA are the vector and axial couplings

respectively. The dark matter particle � is a Dirac fermion with mass mDM, neutral under

the Standard Model gauge groups. The sum extends over all quarks and for simplicity,

we assume that the couplings gqV and gqA are the same for all quarks. While in general,

a Z
0
from a broken U(1)

0
will also have couplings to leptons and gauge bosons, we do

not consider them here as they are not relevant for the monojet search.1 This simplified

model is similar (albeit simpler) to the model discussed in [31]. Simplified models of vector

mediators have also been discussed in [4, 18, 31, 43, 44].

While the above Lagrangian allows for both vector and axial-vector interactions, the

phenomenology and limits from the monojet search are similar in both cases. Therefore

for the purposes of clarity, we focus on one: the axial-vector interaction. In the remainder

of this article, we set g�V = gqV = 0 and redefine g� ⌘ g�A and gq ⌘ ggA. The axial-vector

interaction has two advantages. Firstly, this interaction is non-zero for Majorana dark

matter (the normalisation of our results would change by a factor of four in this case),

unlike the vector interaction, which vanishes for Majorana dark matter. Secondly, the

1We assume that the charges are chosen so the U(1)
0
gauge symmetry is anomaly free. This may require

additional particles.

– 5 –

We have also considered two di↵erent widths for the mediator. The width of an axial-

vector mediator decaying to Dirac fermions f and f̄ with coupling gf is

�

mmed
=

NC g2f
12⇡

 
1 �

4m2
f

m2
med

!3/2

, (3.3)

where NC = 3 for coloured particles and is 1 otherwise. The solid red line shows the result

for a narrow width, � = mmed/8⇡, and the dashed line for a broad width, � = mmed/3.

In Regions I and III the limit on ⇤ is only weakly dependent on the width, since in both

these regions, the mediator is being produced o↵-shell. Conversely, in Region II, the limit

is strongly dependent on the width as the production is resonantly enhanced. Finally, the

grey regions show that the value of mmed at the transitions between the di↵erent regions

may change by ⇠ 10%, depending on the width.

We now consider the more general case. In the right panel of fig. 3 we show the ratio

of the inclusive cross-section (i.e. we take the minimum cut used by CMS, pT,j > 110 GeV)

in the EFT, �EFT, to that in the simplified model (or full theory, FT), �FT, as a function

of mDM and mmed. For simplicity, we have set g� = gq = 1 so that ⇤ = mmed and we

have calculated the width for each value of mDM and mmed using eq. (3.3). For di↵erent

couplings, the width will be di↵erent and the boundaries between the regions may change

by ⇠ 10% but otherwise, the plot will be similar. The orange and red regions indicate when

the EFT cross-section is smaller than in the simplified model, while the green and bluer

colours indicate the inverse. The same three distinct regions of parameter space can again

be seen. For mDM . 100 GeV, we require mmed > 2.5 TeV to be in Region I, where the

EFT limit on ⇤ can be used. For larger values of mDM, the value of mmed at the boundary

between Region I and II increases, reaching mmed = 6 TeV for mDM = 1 TeV.

We now discuss each of these regions in further detail.

3.1 Region I: Very heavy mediator - EFT limit applies

In Region I, the cross-section in the simplified model and EFT agree within experimental

uncertainties (20%) and the limit on ⇤ is independent of mmed. This behaviour can be

simply understood: expanding the propagator (while ignoring the width) for the s-channel

resonance in powers ofQ2/m2
med, whereQ

2 is the momentum transfer through the s-channel

(see right panel of fig. 2), we obtain

gq g�
Q2 � m2

med

⇡ �
gq g�
m2

med

✓
1 +

Q2

m2
med

+ O

✓
Q4

m4
med

◆◆
. (3.4)

We recognise the first term outside the brackets as the contact interaction scale of the EFT:

1/⇤2 = gq g�/m2
med. The EFT is valid so long as the e↵ects of the rest of the expansion

beyond leading order are small, i.e. if mmed � Q. At the 8 TeV LHC run, hQ2
i
1/2 is always

larger than 500 GeV [45], so we expect mmed to be TeV scale in order that mmed � Q.

This is confirmed by the right panel of fig. 3, where we see that mmed should be at least

2.5 TeV in order that �EFT and �FT agree to better than 20%.

Stating the minimum mediator mass mmed needed for the EFT limit to be valid, rather

than a minimum value of ⇤, is much more natural in the simplified model framework. While

– 7 –
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘
mmed
p
gq g�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.

– 6 –

EFT is good

EFT underestimates

EFT overestimates

Buchmuller, Dolan, McCabe, arXiv:1308.6799

✦ The couplings and the width are in fact interrelated

✦ Let’s take a toy example of an axial vector  

particle exchange: 
 
where NC = 1 for a color-singlet mediator


✦ Now let’s consider the limits for a typical  
case based on the CMS monojet analysis
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Simplified Models to Rescue
✦ Combined monojet and mono-V(jj) (boosted) analysis

✦ Probes scalar and pseudoscalar mediators, in addition to (axial) vector ones

�25

4 3 Signal hypotheses
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Figure 1: Diagrams for production of DM via a scalar (S) or pseudoscalar (P) mediator in the
cases providing monojet (left) and mono-V (right) signatures.
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Figure 2: Diagrams for production of DM via a vector (Z0) or axial vector (A) mediator provid-
ing monojet (left) and mono-V (right) signatures.
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(Axial) Vector

(Pseudo) Scalar

Fermionic

Higgs-like couplings  
to SM fields

Bosonic

gq = 0.25, gχ = 1

Yukawa couplings



Monojets:  
the Classics
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Monojet Searches
✦ Monojet analysis is a classical search for a number of 

new physics phenomena

๏ Smoking gun signature for supersymmetry, large extra 

dimensions, dark matter production, ...

๏ Was pursued since early 1980s


✦ The signature is deceptively simple, yet it's not

๏ Backgrounds from instrumental effects

๏ Irreducible Z(νν)+jet background

๏ Reducible backgrounds from jet mismeasurements and 

W+jets with a lost lepton

✦ Number of techniques have been developed since the 

first search by UA1; will show the state-of-the-art 
results from CMS
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Monojet Searches
✦ We've come a long way since Carlo Rubbia's first 

attempt!
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18 6 Results and interpretation

Table 5: Expected event yields in each p
miss
T bin for various background processes in the mono-

V signal region. The background yields and the corresponding uncertainties are obtained after
performing a combined fit to data in all the control samples, but excluding data in the signal
region. The other backgrounds include QCD multijet and g+jets processes. The expected
signal contribution for a 2 TeV axial-vector mediator decaying to 1 GeV DM particles and the
observed event yields in the mono-V signal region are also reported.

p
miss
T (GeV) Signal Z(nn)+jets W(nn)+jets Top quark Diboson Other Total bkg. Data
250-300 11.7± 0.6 5300± 170 3390± 120 553± 54 396± 69 128± 25 9770± 290 9929
300-350 15.7± 0.7 3720± 98 1823± 53 257± 27 261± 46 79.8± 13 6140± 140 6057
350-400 11.8± 0.6 1911± 59 808± 28 101± 12 134± 25 25.0± 4.8 2982± 79 3041
400-500 15.8± 0.7 1468± 45 521± 15 48.8± 5.7 107± 20 20.0± 3.6 2165± 55 2131
500-600 8.59± 0.56 388± 18 103.0± 5.1 10.7± 1.9 33.8± 7.0 1.76± 0.53 537± 23 521
600-750 7.04± 0.47 151.0± 9.9 33.4± 2.3 1.9± 1.1 20.2± 4.5 1.05± 0.25 208± 11 225
>750 4.48± 0.40 37.7± 3.7 7.09± 0.69 0.28± 0.25 10.2± 2.3 0.06± 0.03 55.3± 4.6 61
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Figure 9: Observed p
miss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin in-
cludes all events with p

miss
T > 1250 (750) GeV for the monojet (mono-V) category. The expected

background distributions are evaluated after performing a combined fit to the data in all the
control samples, as well as in the signal region. The fit is performed assuming the absence of
any signal. Expected signal distributions for the 125 GeV Higgs boson decaying exclusively
to invisible particles, and a 2 TeV axial-vector mediator decaying to 1 GeV DM particles, are
overlaid. The description of the lower panels is the same as in Fig. 5.

The results for vector, axial-vector, and pseudoscalar mediators are compared to constraints
from the observed cosmological relic density of DM as determined from measurements of
the cosmic microwave background by the Planck satellite experiment [97]. The expected DM

CMS Monojet/Mono-V Analysis
✦ The latest Run 2 analysis is built on the Run 1 techniques


๏ Five control regions (l+jets, ll+jets, γ+jets) to fix major backgrounds

๏ Theoretically consistent treatment of NLO EW/QCD corrections to 

SM V+jets processes, after Lindert et al., arXiv:1705.04464
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A Monojet Event
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6.1 Dark matter interpretation 19

Figure 10: Exclusion limits at 95%CL on µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (black) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [97] are
shown as dark blue contours; in the shaded area DM is overabundant.
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Figure 11: Expected (dotted black line) and observed (solid black line) 95%CL upper limits
on the signal strength µ = s/sth as a function of the mediator mass for the scalar mediators
(left) for mDM = 1 GeV. The horizontal red line denotes µ = 1. Exclusion limits at 95%CL
on µ = s/sth in the mmed–mDM plane assuming pseudoscalar mediators (right). The solid
(dashed) red (back) line shows the contours for the observed (expected) exclusion. Constraints
from the Planck satellite experiment [97] are shown with the dark blue contours; in the shaded
area DM is overabundant.

abundance is estimated, separately for each model, using the thermal freeze-out mechanism
implemented in the MADDM [98] framework and compared to the observed cold DM density
Wch

2 = 0.12 [99], where Wc is the DM relic abundance and h is the Hubble constant.

6.1 Dark matter interpretation 19

Figure 10: Exclusion limits at 95%CL on µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (black) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [97] are
shown as dark blue contours; in the shaded area DM is overabundant.

 [GeV]medm
0 100 200 300 400 500 600

th
eo

ry
σ/

σ
95

%
  C

L 
up

pe
r l

im
it 

on
 

1

2

3

4

5

6
 (13 TeV)-135.9 fb

CMS

Median expected

68% expected

95% expected

Observed

 = 1µ

 = 1
DM

 = 1, g
q

 = 1 GeV g
DM

Scalar med, Dirac DM, m

Figure 11: Expected (dotted black line) and observed (solid black line) 95%CL upper limits
on the signal strength µ = s/sth as a function of the mediator mass for the scalar mediators
(left) for mDM = 1 GeV. The horizontal red line denotes µ = 1. Exclusion limits at 95%CL
on µ = s/sth in the mmed–mDM plane assuming pseudoscalar mediators (right). The solid
(dashed) red (back) line shows the contours for the observed (expected) exclusion. Constraints
from the Planck satellite experiment [97] are shown with the dark blue contours; in the shaded
area DM is overabundant.

abundance is estimated, separately for each model, using the thermal freeze-out mechanism
implemented in the MADDM [98] framework and compared to the observed cold DM density
Wch

2 = 0.12 [99], where Wc is the DM relic abundance and h is the Hubble constant.

DM Interpretation
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Figure 13: Exclusion limits at 90%CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [102], LUX [103], XENON-
1T [104], PANDAX-II [105], and CRESST-II [106] are shown for the vector mediator. Limits
from Picasso [107], PICO-60 [108], IceCube [109], and Super-Kamiokande [110] are shown for
the axial-vector mediator.
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Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [101]. There are no comparable limits
from direct detection experiments, as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [111, 112].

6.1 Dark matter interpretation 21

 [GeV]DMm
1 10 210 310

]2
 [c

m
D

M
-n

uc
le

on
SI

σ

47−10

45−10

43−10

41−10

39−10

37−10

35−10

33−10

31−10

29−10

27−10

25−10

CMS exp. 90% CL CMS obs. 90% CL
LUX CDMSLite
Xenon-1T CRESST-II
PandaX-II

 (13 TeV)-135.9 fb

CMS
 = 1

DM
 = 0.25, g

q
Vector med, Dirac DM, g

 [GeV]DMm
1 10 210 310

]2
 [c

m
DM

-p
ro

to
n

SD
σ

46−10

44−10

42−10

40−10

38−10

36−10

34−10

32−10

30−10

28−10

CMS exp. 90% CL CMS obs. 90% CL

PICO-60 Picasso

bIceCube b tIceCube t

bSuper-K b

 (13 TeV)-135.9 fb

CMS
 = 1

DM
 = 0.25, g

q
Axial med, Dirac DM, g

Figure 13: Exclusion limits at 90%CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [102], LUX [103], XENON-
1T [104], PANDAX-II [105], and CRESST-II [106] are shown for the vector mediator. Limits
from Picasso [107], PICO-60 [108], IceCube [109], and Super-Kamiokande [110] are shown for
the axial-vector mediator.
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Figure 8: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv)
for both individual categories targeting VBF, Z(``)H, V(qq’)H, and ggH production mode,
as well as their combination, assuming an SM Higgs boson with a mass of 125 GeV. On the
right, profile likelihood ratios as a function of B(H ! inv). The solid curves represent the
observations in data, while the dashed lines represent the expected result from a b-only fit. The
observed and expected likelihood scans are reported for the full combination, as well as for the
individual VBF, Z(``)H, V(qq0)H and ggH-tagged analyses.

taken from the recommendations of Ref. [72]. The conversion from B(H ! inv) to Ginv uses the
relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since renormaliz-
able models predicting a vectorial DM candidate require an extended dark Higgs sector, which
may lead to modifications of kinematic distributions assumed for the invisible Higgs boson
signal, such interpretation is not provided in the context of this Letter. Figure 9 (right) shows
the 90% CL upper limits on the spin-independent DM-nucleon scattering cross section as a
function of mc, for both the scalar and the fermion DM scenarios. These limits are computed
at 90% CL so that they can be compared with those from direct detection experiments such
as LUX [73], PandaX-II [74], CDMSlite [75], and CRESST-II [76], which provide the strongest
constraints in the mc range probed by this search. In the context of Higgs-portal models, the
result presented in this Letter provides the most stringent limits for mc smaller than 20 (7) GeV,
assuming a fermion (scalar) DM candidate.

9 Summary
A search for invisible decays of a Higgs boson is presented using proton-proton collision data
at

p
s = 13 TeV, collected by the CMS experiment in 2016 and corresponding to an integrated

luminosity of 35.9 fb�1. The search targets events in which a Higgs boson is produced through
vector boson fusion (VBF). The data are found to be consistent with the predicted standard
model (SM) backgrounds. An observed (expected) upper limit of 0.33 (0.25) is set, at 95% con-
fidence level (CL), on the branching fraction of the Higgs boson decay to invisible particles,
B(H ! inv), by means of a binned likelihood fit to the dijet mass distribution. In addition,
upper limits are set on the product of the cross section and branching fraction of an SM-like
Higgs boson, with mass ranging between 110 and 1000 GeV.

A combination of CMS searches for the Higgs boson decaying to invisible particles, using the
2016 data set, is also presented. The combination includes searches targeting Higgs boson
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H(inv.) Limis
✦ The monojet and mono-V results can be interpreted as limits on invisible Higgs boson 

decays

✦ They can be further combined with the dedicated H(inv.) searches in associated production 

(ZH) and vector boson fusion H+jj

๏ ATLAS:  

✤ B(H → inv.) < 0.37 (0.28) @ 95% CL - VBF 
                    < 0.67 (0.39) @ 95% CL - ZH 

๏ CMS:  
✤ B(H → inv.) < 0.26 (020) @ 95% CL - combined
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Figure 6: Upper limits on (a) the spin-independent ����–nucleon cross section using Higgs portal interpretations of
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Figure 9: On the left, observed 95% CL upper limits on B(H ! inv) for a Higgs boson with a
mass of 125 GeV, whose production cross section varies as a function of the coupling modifiers
kV and kF. Their best estimate, along with the 68 and 95% CL contours from Ref. [4], are also
reported. The SM prediction corresponds to kV = kF = 1. On the right, 90% CL upper limits on
the spin-independent DM-nucleon scattering cross section in Higgs-portal models, assuming
a scalar (solid red) or fermion (dashed green) DM candidate. Limits are computed as a func-
tion of mc and are compared to those from the LUX [73], PandaX-II [74], CDMSlite [75], and
CRESST-II [76] experiments.

production via VBF, in association with a vector boson (with hadronic decays of the W boson
and hadronic or leptonic decays of the Z boson) and via gluon fusion with initial state radia-
tion. The VBF search is the most sensitive channel involved in the combination. No significant
deviations from the SM predictions are observed in any of these searches. The combination
yields an observed (expected) upper limit on B(H ! inv) of 0.26 (0.20) at 95% CL, assuming
SM production of the Higgs boson. The observed 90% CL upper limit of B(H ! inv) < 0.22 is
interpreted in terms of Higgs-portal models of dark matter (DM) interactions. Constraints are
placed on the spin-independent DM-nucleon interaction cross section. When compared to the
upper bounds from direct detection experiments, this limit provides the strongest constraints
on fermion (scalar) DM particles with masses smaller than about 20 (7) GeV.
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Direct SUSY Searches
✦ Since SUSY gives a perfect WIMP candidate, direct searches for neutralino 

production set limit on DM

๏ Depending on the nature of the neutralino (wino, bins, Higgsino), limits are still 

not very strong, particularly if sleptons are heavy
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Figure 10: Exclusion contours at 95% CL in the plane of mec±
1

and mec0
1

for the models of ec±
1 ec0

2
production (left) for the individual analyses and (right) for the combination of analyses. The
decay modes assumed for each contour are given in the legends.

Figure 12 shows the observed limits from each analysis separately compared with the com-
bined result. Figure 13 shows the analysis with the best expected exclusion limit for each point
in the same plane. At higher values of mec0

1
, the searches for at least one hadronically decay-

ing boson provide the best sensitivity, the 4b search when B(ec0
1 ! HeG) is large and the on-Z

dilepton search when it is smaller. At lower values of mec0
1
, below around 200 GeV, the H(gg)

analysis is most sensitive when B(ec0
1 ! HeG) is large, while the three or more lepton search is

dominant when it is small. Figure 14 then shows the exclusion limits as a function of mec0
1

for
three choices of B(ec0

1 ! HeG): 0%, yielding the ZZ topology; 100%, yielding the HH topology;
and 50%, yielding a mix of events from the ZZ, HH, and ZH topologies.

8 Summary
A number of searches for the electroweak production of charginos and neutralinos predicted in
supersymmetry (SUSY) have been performed in different final states. All searches considered
here use proton-proton collision data at

p
s = 13 TeV, recorded with the CMS detector at the

LHC and corresponding to an integrated luminosity of 35.9 fb�1. No significant deviations
from the standard model expectations have been observed.

A targeted search requiring three or more charged leptons (electrons or muons) has been pre-
sented, focusing on chargino-neutralino production where the difference in mass between
ec0

2 and ec0
1 is approximately equal to the mass of the Z boson, and no significant deviations

from the standard model predictions are observed. This search is interpreted in a simplified
model scenario of SUSY chargino-neutralino (ec±

1 ec0
2) production with decays ec±

1 ! W± ec0
1 and

ec0
2 ! Zec0

1, where ec0
1 is the lightest SUSY particle (LSP). In the targeted phase space, the ex-

pected and observed 95% confidence level exclusion limits extend to 225 GeV in the mass of ec0
2

and 125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by

up to 60 GeV [38].

A statistical combination of several searches is performed and interpreted in the context of
simplified models of either chargino-neutralino production, or neutralino pair production in
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Figure 8: Exclusion contours for the Z 0-2HDM scenario in the (mZ0,mA) plane for tan � = 1, gZ0 = 0.8, and m� =
100 GeV. The observed limits (solid line) are consistent with the expectation under the SM-only hypothesis (densely
dashed line) within uncertainties (filled band). Observed limits from previous ATLAS results at

p
s = 13 TeV

(dash-dotted line [19]) are also shown.
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improve calibration of the b-tagging e�ciency in the VR analysis. The lower panel is the ratio of the upper limits,
showing a significant improvement in the high mZ0 region.
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Mono-Higgs Production
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gZ' = 0.8, tanβ = 1

CMS PAS EXO-16-050

2 3 Data and Simulated Samples

Figure 1: Feynman diagrams for the benchmark DM signal models: baryonic Z
0 (left) and

2HDM (right).

A fit-based analysis similar to that of the SM h! gg search is used to estimate the signal yield.
In addition to a high-p

miss
T category, a lower p

miss
T category is also considered in order to be

sensitive to possible signals with less p
miss
T .

2 The CMS Detector

The central feature of the CMS detector is a superconducting solenoid, of 6 m internal di-
ameter, providing an axial magnetic field of 3.8 T along the beam direction. Within the su-
per conducting solenoid volume are a silicon pixel and strip tracker, a lead-tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL).
Charged particle trajectories are measured by the silicon pixel and strip tracker system, cover-
ing 0  f  2p in azimuth and |h| < 2.5, where the pseudorapidity is h = � ln (tan q/2), and
q is the polar angle with respect to the counterclockwise-beam direction. Muons are measured
in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorimetry
complements the coverage provided by the barrel and endcap detectors. The electromagnetic
calorimeter, which surrounds the tracker volume, consists of 75,848 lead-tungstate crystals that
provide coverage in pseudorapidity |h| < 1.479 in the barrel region (EB) and 1.479 < |h| < 3.0
in two endcap regions (EE). The EB modules are arranged in projective towers. A preshower
detector consisting of two planes of silicon sensors interleaved with a total of three X0 of lead
is located in front of the EE. In the region |h| < 1.74, the HCAL cells have widths of 0.087 in
pseudorapidity and azimuth (f). In the ( h, f ) plane, and for |h| < 1.48, the HCAL cells map on
to 5x5 ECAL crystal arrays to form calorimeter towers projecting radially outwards from close
to the nominal interaction point. At larger values of |h|, the size of the towers increases and the
matching ECAL arrays contain fewer crystals. Within each tower, the energy deposits in ECAL
and HCAL cells are summed to define the calorimeter tower energies, subsequently used to
provide the energies and directions of hadronic jets (highly collimated showers of particles). A
more detailed description of the CMS detector can be found in Ref. [11].

3 Data and Simulated Samples

The data considered in this analysis correspond to an integrated luminosity of 35.9 fb�1 col-
lected by the CMS experiment at the CERN LHC in 2016 at

p
s = 13 TeV. Diphoton triggers

with asymmetric transverse energy thresholds (30/18 GeV) were used to select events. The
analyzed sample fulfills standard data quality criteria for all components of the CMS detector.

The analysis is optimized using fully simulated samples of the dark matter associated pro-
duction with a Higgs boson in 2HDM and Baryonic Z’ (Z0

B
) models [10]. 2HDM signals are

2016

ATLAS-CONF-2018-039

2015

2016

2017

gq = 0.25, g𝛘 = 1

✦ Mono-Higgs analysis in the context of 2HDM-Z' and baryonic Z' models

✦ Explore the dominant H(bb) decay mode
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Mono-tt/bb Production
�38

1

1 Introduction
Astrophysical and cosmological observations [1–3] provide strong support for the existence
of dark matter (DM), which could originate from physics beyond the standard model (BSM).
In a large class of BSM models, DM consists of stable, weakly-interacting massive particles
(WIMPs). In collider experiments, WIMPs (c) could be pair-produced through the exchange of
new mediating fields that couple to DM and to standard model (SM) particles. Following their
production, the WIMPs would escape detection, thereby creating an imbalance of transverse
momentum (missing transverse momentum, p

miss
T ) in the event.

If the new physics associated with DM respects the principle of minimal flavor violation [4, 5],
the interactions of spin-0 mediators retain the Yukawa structure of the SM. This principle is
motivated by the apparent lack of new flavor physics at the electroweak (EWK) scale. Because
only the top quark has a Yukawa coupling of order unity, WIMP DM couples preferentially to
the heavy top quark in models with minimal flavor violation. In high energy proton-proton col-
lisions, this coupling leads to the production of tt + cc at lowest-order via a scalar (f) or pseu-
doscalar (a) mediator (Fig. 1), and to the production of so-called mono-X final states through
a top quark loop [6–14]. At the CERN Large Hadron Collider (LHC), the tt + cc process can
be probed directly via the tt + p

miss
T and bb + p

miss
T signatures. The bb + p

miss
T signature pro-

vides additional sensitivity to the bb + cc process for models in which mediator couplings to
up-type quarks are suppressed, as can be the case in Type-II two Higgs doublet models [15].

g

g t (b)

)b (t

χ

χ

/aφ

Figure 1: A leading order Feynman diagram describing the production of a pair of DM particles
(c) with heavy-flavor (top or bottom) quark pairs via scalar (f) or pseudoscalar (a) mediators.

This paper describes a search for DM produced with a tt or bb pair in pp collisions at
p

s =
13 TeV with the CMS experiment at the LHC. A potential DM signal is extracted from simulta-
neous fits to the p

miss
T distributions in the bb + p

miss
T and tt + p

miss
T search channels. Data from

control regions enriched in SM tt, W+ jets, and Z+ jets processes are included in the fits, to con-
strain the major backgrounds. The top quark nearly always decays to a W boson and a b quark.
The W boson subsequently decays leptonically (to leptons and neutrinos) or hadronically (to
quark pairs). The dileptonic, lepton(`)+jets, and all-hadronic tt final states consist, respectively,
of events in which both, either, or neither of the W bosons decay leptonically. Each of these
primary tt final states are explored.

Previous LHC searches for DM produced with heavy-flavor quark pairs were interpreted using
effective field theories that parameterize the DM-SM coupling in terms of an interaction scale
M⇤ [16–18]. An earlier search by the CMS Collaboration investigated the `+ jets tt final state
using 19.7 fb�1 of data collected at

p
s = 8 TeV [19]. That search excluded values of M⇤ below

118 GeV, assuming mc = 100 GeV. The ATLAS Collaboration performed a similar search sepa-
rately for the all-hadronic and `+ jets tt final states and obtained comparable limits on M⇤ [20].

ATLAS arXiv:1710.11412
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Figure 5: Exclusion limits for colour-neutral tt̄/bb̄ + � scalar (top) and tt̄/bb̄ + a pseudoscalar (bottom) models
as a function of the mediator mass for a DM mass of 1 GeV. The limits are calculated at 95% CL and are
expressed in terms of the ratio of the excluded cross-section to the nominal cross-section for a coupling assumption
of g = gq = g� = 1. The solid (dashed) lines shows the observed (expected) exclusion limits for the di�erent signal
regions, according to the colour code specified in the legend. To derive the results for the fully hadronic tt̄ final state
the region SRt1 or SRt2 providing the better expected sensitivity is used.
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Figure 5: Exclusion limits for colour-neutral tt̄/bb̄ + � scalar (top) and tt̄/bb̄ + a pseudoscalar (bottom) models
as a function of the mediator mass for a DM mass of 1 GeV. The limits are calculated at 95% CL and are
expressed in terms of the ratio of the excluded cross-section to the nominal cross-section for a coupling assumption
of g = gq = g� = 1. The solid (dashed) lines shows the observed (expected) exclusion limits for the di�erent signal
regions, according to the colour code specified in the legend. To derive the results for the fully hadronic tt̄ final state
the region SRt1 or SRt2 providing the better expected sensitivity is used.
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✦ Dedicated tt/bb+X search for a Higgs-like mediator

✦ Search based on all-hadronic decays of the tt system  

or b-tagged bb system

✦ Not yet sensitive to bb+ɸ/a production, but set first 

limits on (pseudo)scalar mediator in bb+ɸ/a  
production
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Mono-t and Mono-tt
✦ New analysis from CMS explores 

associated production with single top 
quark in addition to the tt diagram


✦ Aids sensitivity, particularly at high masses

✦ Excludes (pseudo)scalars with masses 

below ~300 GeV

�39

1. Introduction 1

1 Introduction
Astrophysical observations provide evidence of the existence of non-luminous matter affecting
galaxies and other objects through gravitational interaction. While the nature of this dark mat-
ter (DM) is still unknown, a compelling candidate is the so-called weakly interacting massive
particle [1]. This new particle is predicted to have small but non-negligible interactions with
standard model (SM) particles, allowing for direct- and indirect-detection experiments, as well
as searches at collider experiments.

Among all the possible interactions between the SM and DM sectors, it is of particular inter-
est to investigate interactions mediated by a new scalar or pseudoscalar particle, as these can
be easily accommodated in models containing extended Higgs boson sectors [2–5]. Assuming
that the new physics scenario respects the principle of minimal flavor violation [6, 7], the in-
teractions of this new spin-0 mediator particle follow the same Yukawa coupling structure as
in the SM. Therefore, it would couple preferentially to heavy third-generation quarks. Several
theoretical studies of these types of models have been performed, where the third-generation
quark is either a top or bottom quark leading to the production of DM in association with a pair
of top (tt̄ + DM) or bottom (bb̄ + DM) quarks respectively [8–11]; the main production diagram
is shown in Fig. 1a.

t

t

t
t̄

�(a)

g

g

�̄

�

(a) tt̄ + DM

b

W

t

�(a)

t

g

q�

b̄

�

�̄

q

(b) t/t̄ + DM, t-channel

�(a)

t

b
t

g

b

�̄

�

W �̄

t
t̄ �(a) �

g

b

t

W

(c) t/t̄ + DM, tW-channel

Figure 1: Main production diagrams for the associated production of dark matter with a top
quark pair (a) or a single top quark at the LHC: t-channel W boson production (b), and associ-
ated tW production (c).

Previous searches in these final states have been carried out by the ATLAS and CMS collabora-
tions at center-of-mass energies of 8 [12, 13] and at 13 [14–16] TeV. While the former results are
based on an effective field theory (EFT) approach, the latter ones are interpreted in the context
of simplified DM scenarios, where the mediator particle is explicitly modeled in the interaction.

The interpretations in these previous searches have thus far neglected the contribution from

16

referred to here as tt̄, t + DM. The theory cross sections for both signal models are obtained at
LO. The limits are calculated using a modified frequentist approach with a test statistic based
on the profile likelihood in the asymptotic approximation and the CLs criterion [59–61]. We
test different mediator mass scenarios with mc= 1 GeV and gq = gc = 1 and the results are
shown in Fig. 6 for scalar (left) and pseudoscalar (right) models. The expected limit for the
t/t̄ + DM signal alone is depicted by the blue dash-dotted line, while the tt̄ + DM limit alone is
given by the red dash-dotted line. The observed limit on the sum of both signals is represented
by the black solid line, while the expected value is shown by the black dashed line with the
expected ± 1s and ±2s uncertainty bands in green and yellow, respectively.
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Figure 6: Expected and observed limits: The figures show the expected limits for the scalar (left)
and pseudoscalar (right) models. The expected limit for the t/t̄ + DM signal alone is depicted
by the blue dash-dotted line, while the tt̄ + DM limit alone is given by the red dash-dotted
line. The observed limit on the sum of both signals is shown by the black solid line, while the
expected value is shown by the black dashed line with the expected ± 1s and ±2s uncertainty
bands in green and yellow, respectively.

Tables 3 and 4 represent the final combined limits (AH + SL) for the t/t̄ + DM and tt̄ + DM pro-
cesses separately, and for the sum of the two tt̄, t + DM scenarios.

Overall, we exclude mediator masses below 290 and 300 GeV for the scalar and pseudoscalar
hypotheses, respectively.

CMS PAS EXO-18-011
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Search for the Mediator
✦ One doesn’t need to produce DM at the LHC to look 

for a mediator

✦ Since it’s coupled to the initial state,  

one could look for dijet decays of the  
mediator by "recycling" dijet resonance searches

๏ Also possible to reinterpret dilepton searches if the 

mediator couples to leptons in addition to quarks

�41

1
1 1 1 1
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Figure 1. The processes considered in this work in terms of visible sector quarks (q, q), DSPs (�, �)
and the on-shell (o↵-shell) mediator particle R (R⇤). The various process are: (a) DM annihilation
which sets the relic abundance, (b) DM scattering in direct detection experiments, (c) monojet
signatures, in this case due to initial state radiation of a gluon, (d) LHC Dijet resonance signatures
purely through mediator-quark couplings and (e) dijet associated production.

in order to avoid overstating the strength of direct detection limits. This approach

leads to a compelling interplay between the di↵erent DM detection techniques and

will lead us to conclude that the LHC monojets, LHC dijets and direct detection

strategies each has a unique foothold in the search for DSPs.

In figure 1 we sketch the setup for a dark sector theory involving a DSP � and a

mediator between the visible sector and the dark sector R, together with the detection

processes considered in this work. We denote the couplings between the mediator and

the visible sector quarks (the DSP) with gq (g�). For the purposes of exploring the broad

phenomenology of this dark sector and the general interplay between the di↵erent probes let

us combine the two couplings into an e↵ective DSP-SM coupling g =
p

gq g� and consider

the e↵ect of varying the coupling g. The local density of DSPs in the Milky Way ⇢ is

proportional to the DSP relic abundance from thermal freeze-out ⌦DSP, which scales as

the inverse of the annihilation cross section, i.e. ⇢ / ⌦DSP / g�4. Any cross section

involving interactions between the visible sector and the DSP, such as collider production

and direct detection, will scale as � / g4 [1, 28–31] (assuming an o↵-shell mediator). Thus,

broadly speaking, the rate of events in di↵erent DM probes have very di↵erent scaling with

couplings if a standard thermal history is assumed. They are:

• Collider searches for missing energy: Rate / � / g4 .

• Direct detection: Rate / (� ⇥ ⇢) / g0 .

• Indirect detection: Rate / (� ⇥ ⇢2) / g�4 .

Furthermore, resonance searches at colliders typically depend on the production cross sec-

tion for the resonance, �R, multiplied with the branching ratio into the final state under

consideration. If the (on-shell) mediator has a large branching into light quarks we hence

obtain the final important signature

• Collider searches for dijet resonances: Rate / �R / g2q .

This simple consideration demonstrates that, assuming a standard thermal history and con-

sidering the specific phenomenology of the mediator, these four di↵erent detection strate-

gies are parametrically complementary. In essence, large couplings imply large collider

– 3 –



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- D

M
 a

t C
ol

lid
er

s 
an

d 
Be

yo
nd

 - 
C

ol
lo

qu
iu

m

E
ve

n
ts

 /
 B

in

410

510

610

710

810

 [GeV]m500 600 700 800 9001000 2000

2−

0
2

 [GeV]jjm
500 600 700 800 9001000 2000

2−

0
2

S
ig

n
ifi

ca
n
ce

ATLAS

, |y*| < 0.3-1Data, 3.6 fb
Background fit
BumpHunter interval

 x 500σZ’, 
 = 0.1

q
 = 550 GeV, gZ’m

, |y*| < 0.6-1Data, 29.3 fb
Background fit
BumpHunter interval

 x 500σZ’, 
 = 0.1

q
 = 750 GeV, gZ’m

-value = 0.6pBH 

-value = 0.42p 2χ

-value = 0.44pBH 

-value = 0.13p 2χ

Figure 4: The reconstructed dijet mass distribution (filled points) for events in the |y⇤ | < 0.3 and |y⇤ | < 0.6 signal
regions. The solid lines depict the background estimate obtained by a sliding-window fit. Overall agreement
between the background estimate and the data is quantified by the �2 p-value. The most discrepant localized excess
in either signal region identified by the BumpHunter algorithm is indicated by the vertical lines. The open points
show two possible signal models. The lower panels show the bin-by-bin significances of di�erences between the
data and the background estimate, considering only statistical uncertainties.

6 Results and limits

Figure 4 shows the invariant mass distributions for dijet events in each signal region including the results
from the sliding-window background estimates. The global �2 p-value is 0.13 in the |y⇤ | < 0.6 signal
selection and 0.42 in the |y⇤ | < 0.3 signal selection, indicating the data agrees well with the background
estimate. The most discrepant interval identified by the BumpHunter algorithm [30, 31] is 889–1007 GeV
for events with |y⇤ | < 0.6. Accounting for statistical uncertainties only, the probability of observing
a deviation at least as significant as that observed in data, anywhere in the distribution, is 0.44 and
corresponds to significance of 0.16 �. Thus, there is no evidence of any localized excess.

Limits are set on both a leptophobic Z 0 simplified dark-matter model [32] and a generic Gaussian model.
The Z 0 simplified model assumes axial-vector couplings to SM quarks and to a Dirac fermion dark-matter
candidate. No interference with the SM is simulated. Signal samples were generated so that the decay rate
of the Z 0 into dark-matter particles is negligible and the dijet production rate and resonance width depend
only on the coupling of the Z 0 to quarks, gq, and the mass of the resonance, mZ0 [9]. The model’s matrix
elements were calculated in M��G���� 5 [33] and parton showering was performed in P����� 8 [34].
The width of a Z 0 resonance with gq = 0.10, including parton shower and detector resolution e�ects, is
approximately 7%. Limits are set on the cross-section, �, times acceptance, A, times branching ratio, B,
of the model, and then displayed in the (gq,mZ0) plane.3 The acceptance for a mass of 550 GeV is 20%
for a Z 0 simplified model with gq = 0.10 for the |y⇤ | < 0.3 signal selection, and 41% for a signal of mass
equal to 750 GeV for the |y⇤ | < 0.6 signal selection.

Limits are also set on a generic model where the signal is modeled as a Gaussian contribution to the
observed mj j distribution. For a given mean mass, mG , four di�erent Gaussian widths are considered: a
width equal to the simulated mass resolution (which ranges between 4% and 6%), and the fixed fractions
5%, 7% and 10% of mG . As the width increases, the expected signal contribution is distributed across

3 Limits on the coupling are obtained accounting for the scaling of the signal cross-section with g2
q .
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Dijet Resonance Searches
✦ Standard search to do at any new energy


๏ Recent additions to the dijet search portfolio:

✤ Scouting (trigger-level) analysis based on low-threshold triggers 

writing only very limited information about the event

�42

C
M

S 
PA

S 
EX

O
-1

7-
02

62016

Low-mass trigger-level

High-mass

2016

2017

ATLAS arXiv:1804.03496



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- D

M
 a

t C
ol

lid
er

s 
an

d 
Be

yo
nd

 - 
C

ol
lo

qu
iu

m

Dijet Event Display
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Dijets: Convenient Language
✦ For many applications, it's convenient to express limits in terms 

of a Z'B like object with a coupling gB to a baryon number 
[Dobrescu, Yu, arXiv:1306.2629] given by                   , αB = gB2/4π 

✦ The decay width:
✦ Parameterize everything as a function of g'q = gB/6

�44

gB
6
Z 0
Bµq̄�

µq

6

allowed, but U can decay via renormalizable in-

teractions only if there is at least one additional

field (e.g., a scalar S which is a SM gauge sin-

glet, has U(1)B charge 0, and interacts through

ūRULS).

The D=U and D=7U+3 models are identical

for z = −1/(2n). In this case, a second scalar

φ′, of U(1)B charge 1/3 − 1/(2n), is necessary

to allow Q, U , and D decays through q̄LQRφ′,

ūRULφ′ and d̄RDLφ′, respectively.

The choice of vectorlike fermions shown in Ta-

ble I is simple but not unique. For example,

anomaly cancellation in the presence of vector-

like leptons instead of quarks is also possible [38].

A fourth generation of chiral quarks and leptons

can also lead to the cancellation of the U(1)B

anomalies [39], but this possibility is nearly ruled

out [36] now by the measurements of Higgs pro-

duction through gluon fusion [40], and by direct

searches for t′ [41] and b′ [42] quarks at the LHC.

The couplings of the Z ′
B to SM quarks are

given by

gB
6
Z ′
Bµ qγ

µq , (6)

where gB is the U(1)B gauge coupling (using the

normalization where the group generator is 1/2),

and is related to the coupling constant, as usual,

by αB = g2B/(4π). The Z ′
B can decay into a pair

of jets (including b jets) or into a tt̄ pair (for a

Z ′
B mass MZ′

B
> 2mt), with partial decay widths

given by

Γ
(

Z ′
B→ jj

)

=
5αB

36
MZ′

B

(

1 +
αs

π

)

,
(7)

Γ(Z ′
B→ tt̄)

Γ
(

Z ′
B→ jj

) =
1

5

(

1−
4m2

t

M2

Z′
B

)1/2[

1+O

(

αsmt

MZ′
B

)]

.

Here we have included the NLO QCD corrections

and no electroweak corrections. If the decays into

vectorlike quarks are kinematically closed, then

the total width of Z ′
B is

ΓZ′
B
= Γ

(

Z ′
B → jj

)

+ Γ
(

Z ′
B → tt̄

)

. (8)

B. Coloron

Another hypothetical particle that can easily

produce dijet resonances with large cross section

at the LHC is the coloron [32], a spin-1 color-

octet gauge boson. The coloron, in the case of

flavor-universal couplings [33], is not significantly

constrained by flavor processes nor by other low

energy data. Furthermore, the coloron is auto-

matically leptophobic.

The simplest gauge symmetry that can be as-

sociated with a heavy color-octet vector boson is

SU(3)1×SU(3)2 [43]. This is spontaneously bro-

ken down to the diagonal SU(3)c gauge group,

which is identified with the QCD one. A min-

imal renormalizable extension of the SM which

includes a coloron, dubbed ReCoM, is analyzed

in Ref. [34]. Assuming that all the SM quarks

transform as (3, 1) under SU(3)1 × SU(3)2, the

couplings of the coloron to SM quarks are given
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1

qg'
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10% = Z'M / Z'Γ

30% = Z'M / Z'Γ
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100% = Z'M / Z'Γ

qq→Z'

95% CL exclusions

~100% < Z'M / Z'Γ
[arXiv:1801.08769]
ATLAS Boosted Dijet, 13 TeV

[EXO-16-046]
, 13 TeVχCMS Dijet 

[arXiv:1703.09127]
ATLAS Dijet, 13 TeV

~30% < Z'M / Z'Γ
[arXiv:1804.03496]
ATLAS Dijet TLA, 13 TeV

[arXiv:1806.00843]
CMS Broad Dijet, 13 TeV

[ATLAS-CONF-2016-070]
, 13 TeVγATLAS Dijet+ISR 

~10% < Z'M / Z'Γ
[ATLAS-CONF-2016-070]
ATLAS Dijet+ISR j, 13 TeV

[arXiv:1806.00843]
CMS Dijet, 13 TeV

[arXiv:hep-ex/9702004]
CDF Run1

[arXiv:1604.08907]
CMS Dijet, 8 TeV

[arXiv:0812.4036]
CDF Run2

[arXiv:1802.06149]
CMS Dijet b tagged, 8 TeV

[Nucl. Phys. B 400, 3 (1993)]
UA2

[arXiv:1710.00159]
CMS Boosted Dijet, 13 TeV

[arXiv:1404.3947]
)Z'/MZ'ΓZ width (all 
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Figure 4: Left: The 95% CL upper limits (solid line) on the universal coupling g
0
q between

the leptophobic Z0 boson and quarks. Limits from other experiments [2, 8, 9, 18] and earlier
CMS analyses [33, 34, 37], are also shown, along with an indirect constraint from the Z boson
width [80]. Right: Expected (dashed lines) and observed (solid lines) 95% CL upper limits on
the simplified model variable z. The limits are shown for uu ! Z0 and dd ! Z0 individually,
as well as for pp ! Z0, assuming a universal quark coupling. The z values for the Z0 boson
model with g

0
q = 0.25 are also shown. The hatched red band represents the envelope of limits

for theoretical models that predict an s-channel production of a Z0 resonance with arbitrary
couplings to up and down quarks. The discontinuity in the limits at 700 GeV is associated with
a change in the acceptance from SR1 to SR2.

Following the method described in Ref. [81], the limits on the Z0 boson model are further231

interpreted as limits on the variable z = [Âij 2 I B(Z0 ! ij)]B(Z0 ! bb)GZ0/mZ0 , where B232

is a branching fraction and I represents the set of production modes ij ! Z0, with i and233

j being the corresponding partons. The z variable provides a model-independent descrip-234

tion of the generic s-channel production of narrow-width resonances and can be used for a235

variety of theoretical interpretations of experimental limits on the production of such reso-236

nances decaying into various final states. The limits are shown in Fig. 4 (right) for the Z0
237

model with a universal quark coupling, as well as for up and down quark production modes238

individually. The limits are determined using the narrow-width approximation, which cor-239

responds to a conservative interpretation [82]: for the Z0 boson model with g
0
q = 0.25, the240

z limits computed with the resonance width taken into account are lower by 0.3 (4.7)% at241

mZ0 = 400 (1200) GeV. The z interpretation can be used, e.g., to convert the g
0
q limits in242

Fig. 4 to limits on the coupling g
0
d for a Z0 boson model with coupling only to down-type243

quarks. Taking into account the different branching fractions and the widths of the two mod-244

els, g
0
d = g

0
q[z(dd ! Z0 ! bb)/z(pp ! Z0 ! bb)]1/2.245

In summary, a search for new resonances decaying to bottom quark-antiquark pairs produced246

in 8 TeV proton-proton collisions has been presented. Using triggers that identify jets origi-247

nating from bottom quarks, the search probes signal masses as low as 325 GeV. No statistically248

significant excesses above the background predictions are observed in the entire invariant mass249

range studied, 325–1200 GeV. Upper limits are set on the production cross section of scalar, vec-250

tor, and tensor resonances. The limits are also interpreted in the context of a simplified model251

of a leptophobic Z0 boson with a universal coupling g
0
q to quarks. Values of g

0
q above 0.11–252

✦ Reading Mmed limits from the g'q plot:

Using the g'q Plot
�45

For qg = 0.25, taking into 
account additional width  
from decays to DM:

mDM = ∞: g'q = 0.25

mDM = 0: g'q = 0.174-0.182

tt threshold

Nf = 5 Nf = 6

g0q =
1/4s

1 + 16
3Nf


1� 4

⇣
mDM
Mmed

⌘2
�

<latexit sha1_base64="1ICSDIiWdecZ6c1M00Tpy74B4PM="></latexit><latexit sha1_base64="1ICSDIiWdecZ6c1M00Tpy74B4PM="></latexit><latexit sha1_base64="1ICSDIiWdecZ6c1M00Tpy74B4PM="></latexit>

CMS arXiv:1802.06149
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Big Picture: Spin 1
�46

✦ Analogous limits for axial vector mediators

๏ The complementarity depends significantly on the coupling values!
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Big Picture: Spin 0
�47

✦ For the first time started probing spin-0 mediators
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Comparison w/ Direct Detection
�48

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/

✦ Vector mediators

๏ DD experiments get a resonant enhancement on a nucleus due to 

spin-independent scattering cross section

๏ Colliders only win at low DM masses

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
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Comparison w/ Direct Detection
✦ Axial vector mediators


๏ No resonant enhancement due to spin-dependent cross section

๏ Colliders typically win over the DD experiments up to a few hundred 

GeV DM masses

�49

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Dark_Matter_Summary_plots

2016

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Dark_Matter_Summary_plots
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Comparison w/ Indirect Detection
✦ Also nice complementarity with γ-ray experiments

�50
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DM: Quo Vadis?
✦ We hope that the multi-prong attack on the DM will 

bear fruit

๏ DD experiments are moving to a multi-ton mass range 

and will soon reach neutrino floor

๏ Many new ideas of non-WIMP and light DM searches 

(electron recoil, CCD detectors, etc.)

๏ New generation of axion searches curbing the available 

parameter space

๏ New indirect detection experiments coming online, and 

exciting hints from the present ones

๏ Collider experiments are processing large amount of Run 

2 data and move toward more sophisticated models of 
dark matter, including hidden-sector searches

�51
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Conclusions
✦ There is overwhelming evidence that dark matter exists and 

outweighs ordinary matter by a factor of four

๏ While there is no guarantee that dark matter has particle physics 

origin, this is certainly a compelling possibility

๏ If exist, dark matter particles could be produced at the LHC, 

leading to exciting mono-X signatures

๏ In addition, LHC can look directly for the dark matter mediators


✦ A lot of theoretical and experimental progress in the past few 
years - an exciting and rapidly developing subject


✦ LHC searches are complementary to both direct and indirect 
detection and offer unique sensitivity for pseudoscalar 
mediator and/or very light dark matter particles


✦ Many searches ongoing with the large data sets 
accumulated in the last few years - stay tuned!
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Showing in the 
Universe Near You 

Tomorrow!


