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Simplified models are the way to go...

EFT not an option..

I EFT are a powerful and general tool, but must used cum grano salis
I At LEP and Teveatron the use of EFT was perfectly legitimate
I At LHC8, and even more at LHC14, the regime of validity of EFT is shrinking
I Quantitatively well illustrated by the quantity RΛ: the ratio of the cross section obtained in the EFT

with the requirement Qtr < Λ over the total cross section obtained in the EFT.
It gives a measure of the fraction of events with momentum transfer lower than the EFT cutoff scale:
RΛ < 1 signals the failure of EFT description.

I EX: D5 = χ̄γµχ q̄γµq
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Figure 7: 25%, 50% and 75% contours for the ratio Rtot
⇤ , compared to the experimental limits from

ATLAS [12] (blue line). Also indicated are the contours of Rtot
⇤ in the extreme case when setting

the couplings
p

gqg� = 4⇡ (dashed lines). Results are shown for di↵erent operators: D5 (upper left

panel), D8 (upper right panel) and D11 (lower panel).

that the pT (or MET) distributions with the Qtr cut are simply a rescaling of those without the cut.

A more refined study should account for possible kinematic shape changes with the jet transverse

momentum and/or missing energy and DM mass2.

Very naively, neglecting the statistical and systematical uncertainties, the number of signal events

in a given EFT model has to be less than the experimental observation, Nsignal(⇤, mDM) < Nexpt.

The cross section due to an operator of mass dimension d scale like ⇤�2(d�4), so Nsignal(⇤, mDM) =

⇤�2(d�4)Ñsignal(mDM), and the experimental lower bound in the scale of the operator becomes

⇤ >
h
Ñsignal(mDM)/Nexp

i1/[2(d�4)]
⌘ ⇤expt. . (4.1)

Now, if we do not consider any information about the shapes of the pT or MET distributions, the

experimental bound only comes from the total number of events passing given cuts. The fact that a

fraction of the events involve a transfer momentum exceeding the cuto↵ scale of the EFT means that

the number of signal events for placing a limit gets reduced by a factor Rtot
⇤ . Therefore, actually

2Preliminary studies indicate that the method adopted in this paper is quite reasonable for cuts with Qtr < 750

GeV or weaker [40].
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Figure 3: Contours for the ratio Rtot
⇤ , defined in Eq. (2.18), on the plane (mDM,⇤), for the di↵erent

operators. We set
p

s = 14TeV, |⌘|  2 and 500 GeV < pT < 2TeV.
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[G.Busoni, A.De Simone, J.Gramling, E.Morgante, A.Riotto]
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Simplified models are the way to go...

Dark Matter at colliders: what to look for?

I Dark matter: particle stable on collider time scales
I If dark matter is the lightest state odd under an (approximate) Z2 symmetry it will pair produced at

collider
I Leading signal: pp→ MET
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I Most common strategy is to dress the leading process with bosons and look for mono-X
(X: jet, Z, W, γ, Higgs)

I This not necessarily the best strategy: for a given simplified model the search for the mediator is
complementary and sometimes more constraining

EX: t-channel scalar mediator (squark like) + fermion DM
Dijets+MET are more constraining than mono-jet or any other mono-X search ex: [M. Papucci, AV, K. Zurek]
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Simplified models are the way to go...

Vector s-channel mediator: Leptophobic Z′

L ⊃ gqZ′
µ

∑
i=1,2

(
Q̄i

Lγ
µQi

L + ūi
Rγ
µui

R + d̄i
Rγ
µdi

R
)

+ gDMZ′
µχ̄γ

µχ+ µZ′hZ′
µZ′µ.

I mDM > mZ′/2: poor sensitivity at 8 TeV
I mDM ≤ mZ′/2: Jets+MET (≡ monojet) win
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[S.P.Liew, M. Papucci, AV, K. Zurek]
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Simplified models are the way to go...

Vector s-channel mediator: Leptophobic Z′

L ⊃ gqZ′
µ

∑
i=1,2

(
Q̄i

Lγ
µQi

L + ūi
Rγ
µui

R + d̄i
Rγ
µdi

R
)

+ gDMZ′
µχ̄γ

µχ+ µZ′hZ′
µZ′µ.

I What about HL-LHC?

Vector
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Figure 10. The blue and red lines show the current and projected 90% CL limits from the LHC

mono-jet and LUX searches in the mDM vs Mmed plane. The left and right panels show the limits

for vector and axial-vector mediators respectively for (gq, gDM) = (1, 1). The region to the left of

the various curves is excluded. The plot legend is the same for both panels. The short-dashed

green lines shows the direct detection discovery reach after accounting for the neutrino background.

While LUX has better sensitivity than mono-jet searches and approaches the neutrino limit for

vector mediators, the opposite is true for axial-vector mediators. Note that the left (right) panel

has log (linear) axes.

4.3 Projection for future searches

In this section we provide extrapolations of how the limits and complementarity between

the LHC and direct detection search avenues will continue to develop. Both the collider

and direct detection communities have plans for mid- and long-term projects that possess

the potential to significantly increase the sensitivity for DM searches.

For the LHC we provide projected limits for:

• LHC 13 TeV and 30 fb�1. This gauges the reach for the first year of LHC running

in 2015.

• LHC 14 TeV and 300 fb�1. This provides an estimate of the ultimate reach of the

LHC.

• HL-LHC 14 TeV and 3000 fb�1. This is the expected reach of a high-luminosity

upgrade of the LHC.

The basis for these extrapolations are the 8 TeV limits of the CMS mono-jet search pre-

sented in section 4. These limits are scaled to the di↵erent future scenarios assuming that

the underlying performances of the search in terms of signal e�ciency and background

suppression remains unchanged. These assumptions were also used in the Snowmass [119]

and ECFA [120–122] studies and form the basis of the Collider Reach [123] tool. Ref. [123]

– 18 –

[O.Buchmueller, M.J. Dolan,S.A. Malik,C.McCabe]
I So far only mono-jet studies have been performed: sensible increase in reach for mDM ≤ mZ′/2.

Wish list:
I ATLAS/CMS reinterpretation of dijet resonance search and angular distribution search as limits on gq

Alessandro Vichi (CERN) 5 / 13



Simplified models are the way to go...

Susy-like simplified models: squarks+DM

L ⊃ gDM
∑

i=1,2

(
Q̃i

LQ̄i
L + ũi

Rūi
R + d̃i

Rd̄i
R

)
χ+ mass terms + h.c.

I model well studied by susy searches: jets+MET are the most constraining search in the bulk of
parameter space
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(b) q̃q̃, decoupled g̃
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(c) q̃q̃, mg̃ = 4.5 TeV

Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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I Projections show poor sensitivity in the compressed region
I mono-X will help in the compressed region
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Simplified models are the way to go...

Mono-Z

I When Z bosons are emitted from the initial state the process is not expected to have sizeable cross
sections.

I Z boson radiated from final (or internal) states can have sizeable signal

q

q

χ

q̃

χ

q̃
Z

I In a squarks+DM model, generically this analysis still gives negligible limits w.r.t. a jets+MET search
I When mSQ ' mDM , cross section enhanced by the process:

gg −→ q̃q̃†Z −→ 2(soft)j + Z + MET mono-Z final state

HL-LHC projections shows exclusion limits up to mSQ ' 500GeV , (mSQ − mDM = 10GeV).
[S.P.Liew, M. Papucci, AV, K. Zurek]

Wish list:
Study the impact of an hybrid analysis Z+MET+(not so soft)jets

Alessandro Vichi (CERN) 7 / 13



Simplified models are the way to go...

Susy-like simplified models: sbottoms+DM

Similar to previous slides:
I model well studied by susy searches: jets+MET are the most constraining search in the bulk of

parameter space

Table 11: Expected numbers of events for SM background and three bottom squark pair signal points, for
di↵erent mCT thresholds and an integrated luminosity of 300fb�1. The uncertainties shown are statistical
only.

SRA300 SRA350 SRA450 SRA550 SRA650 SRA750
(mb̃1
,m�̃0

1
) = (1000, 1) 216 ± 4 200 ± 4 161 ± 4 118.5 ± 3.2 78.6 ± 2.6 44.0 ± 1.9

(mb̃1
,m�̃0

1
) = (1400, 1) 19.3 ± 0.9 18.4 ± 0.9 16.8 ± 0.8 14.9 ± 0.8 12.8 ± 0.7 10.2 ± 0.6

(mb̃1
,m�̃0

1
) = (1600, 1) 6.04 ± 0.28 5.84 ± 0.28 5.55 ± 0.27 5.19 ± 0.26 4.57 ± 0.25 3.78 ± 0.22
tt̄ 32.6 ± 3.0 14.8 ± 2.0 4.3 ± 1.1 1.5 ± 0.7 0.6 ± 0.4 0.29 ± 0.29

single top 146 ± 12 83 ± 8 41 ± 6 25 ± 5 12.7 ± 3.2 8.9 ± 2.5
Z+jets 508 ± 8 249 ± 5 70.5 ± 2.7 23.1 ± 1.5 9.1 ± 1.0 4.1 ± 0.7
W+jets 92 ± 5 44 ± 4 9.3 ± 1.7 2.9 ± 0.9 1.6 ± 0.8 0.9 ± 0.6
Other 5.4 ± 0.5 3.3 ± 0.4 1.59 ± 0.28 0.50 ± 0.16 0.18 ± 0.09 0.15 ± 0.08
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Figure 13: Expected 95% exclusion limits and discovery reach for bottom squark pair production with
300fb�1 and 3000fb�1 of integrated luminosity.

5.2 Expected sensitivity to bottom squark pair production

Signal regions described in the previous sections are considered with mCT thresholds of 300, 350, 450,
550, 650 and 750 GeV. Higher thresholds are not considered since the MC statistical uncertainties be-
come dominant in the tail of the mCT distribution beyond 750 GeV. The systematic uncertainties for the
signal regions used in the 8 TeV analysis are assumed to be unchanged. The systematic uncertainty for
the signal regions with higher mCT thresholds (> 400 GeV) are assumed to be 30%. The number of ex-
pected events for the 300 fb�1 luminosity scenario is shown in Table 11. The dominant backgrounds are
Z+jets and single top production, with subleading contributions from W+jets and tt̄V .

Exclusion limits are set in the mb̃1
� m�̃0

1
plane using the best expected signal region. The exclusion

limits are shown in Figure 13. The 5� discovery curves are also shown on the same plot. Bottom squark
masses up to 1400 GeV can be excluded at 95% CL with 300 fb�1 of integrated luminosity, for a massles
�̃0

1. With 3000 fb�1 at the HL-LHC, the exclusion reach improves by an additional 150 GeV. Bottom
squarks with masses of ⇠1100 GeV (1300 GeV) can be discovered with 5� significance with 300 fb�1 (
3000 fb�1).

21

I Projections show poor sensitivity in the compressed region
I mono-jet and mono-Z will help in the compressed region
I Sbottom can have sizeable coupling to the Higgs without introducing flavour issues (gH ∼ mb)
I HL-LHC starts being sensitive to mono-Higgs signals, but still not competitive using current analysis

Alessandro Vichi (CERN) 8 / 13



Simplified models are the way to go...

Mono-Higgs

(Not so) Simplified model where mono-Higgs can play a fundamental role: [A.Berlin, T.Lin, L.T.Wang]

I 2 Higgs doublet model
I Heavy Z’ coupled to quarks and higgs

sector only
I DM coupled to pseudo-scalar A0

Z; Z ′
h; S

h

q

q̄

χ; φ

χ; φ

Mono-Higgs complementary to dijets and jets+met searches
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Simplified models are the way to go...

Mono-Higgs

I At present no dedicated mono-Higgs analysis exists.
I Current limits are obtained recasting the limits on the signal strength:

µ =
σ(pp→ hZ(Z → νn̄u))

σSM

I Not binned on missing energy or Higgs pT

Wish list:
Optimise a mono-Higgs analysis for different simplified models

Alessandro Vichi (CERN) 10 / 13



Simplified models are the way to go...

Neutralinos

For the first time we will be sensitive to Simplified Models where the Dark Matter is the only light state.
I Can be though as a limit of MSSM
I Also, in the framework of minimal dark matter, one introduces one electroweak multiplet at the time

and uses the neutral component as dark matter candidate
I Explaining the relic abundance fixes the DM mass
I Higgsino, Wino are most considered examples, but other can be studied
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)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  
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Collider Limits
100 TeV
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Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to be m�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case is m�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.

– 20 –

[M.Low, L.T.Wang]
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Simplified models are the way to go...

Disappearing tracks

I A standard and agnostic method to look for neutralinos is the use of mono-X (mostly mono-jet)
searches.

I Starting from HL-LHC this is not the most effective technique
I In the minimal scenario where only one multiplet is light, charged and neutral components are split by

loop effects:

mχ± − mχ0 ' 166 MeV (355MeV) for a Wino (Higgsino)
I The small splitting results is a macroscopic lifetime of the chargino, which then can leave a trace in the

detector before decaying: disappearing tracks are the smoking gun of this Simplified Model.

Without systematics one finds higgsinos could be excluded at m�̃ ⇠ 410 GeV and dis-

covered at m�̃ ⇠ 290 GeV at 14 TeV, and excluded at m�̃ ⇠ 1.2 TeV and discovered at

m�̃ ⇠ 0.6 TeV at 100 TeV.

It is also imaginable to do a disappearing track such for higgsinos. We note that, in compar-

ison to the wino, it is more likely for heavier new particle states to alter the higgsino splitting

as the lowest higher dimensional operator splitting the charged and neutral higgsinos is di-

mension 5. Therefore choosing a higgsino splitting has a larger degree of model dependence.

In Fig. 5 (left) we show the distance of chargino tracks for the standard one-loop splittings,

as well as for scenarios with twice the splitting and one half of the splitting. Fig. 5 (right)

shows the corresponding plot for the number of tracks.
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Figure 6: The mass reach in the pure higgsino scenario in the disappearing track channel

with L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red).

The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

Results are shown in Table 2. We find the monojet channel to reach m�̃ ⇠ 870 GeV. The

disappearing track search is potentially a promising channel too, but depends sensitively on

the chargino-neutralino mass splitting. The disappearing track with the canonical splitting

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case

– 11 –

little with respect to wino mass. A mass splitting can also be generated by higher dimension

operators. For the pure wino, the lowest operator that can split the charged and neutral states

is dimension 7, so the splitting cited above is fairly model-independent. In our simulation

we use the lifetime calculated at one-loop. At a collider the lifetime in the lab-frame also

includes the velocity � and boost � so that d = ��c⌧ . Notice that �� can be substantially

larger at 100 TeV than at 14 TeV.

The distribution of chargino track lengths is shown in Fig. 2 (left). At ATLAS the disap-

pearing track search is conducted using the tracker which has a high e�ciency for selecting

disappearing tracks starting at dtrack ⇠ 30 cm. A detector with a similarly designed tracker

would observe a handful of tracks for WIMPs as heavy as m�̃ ⇠ 3 TeV. Fig. 2 (right) shows

directly the number of tracks for a given LSP mass for various requirements on the length

of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [64], has a negligible

impact4.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. A are considered.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require dtrack > 30 cm and there be tens of signal events

4The pure wino scenario results in a chargino lifetime of c⌧ ⇠ 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ ⇠ dtracker, then the length of the tracker becomes a relevant

parameter.
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[M.Low, L.T.Wang]
I Soft leptons and VBF not as constraining.
I To saturate the relic abundance mW ∼ 3.1TeV, mH ∼ 1TeV: HL-LHC can’t close the parameter space

but it can start carving it out.
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Conclusions

Conclusions

I HL-LHC will definitively improve the reach of DM searches
I Complementarity of different channels will be important, since they are sensitive to different

combination of simplified models couplings
I Optimise the searches based on Simplified models will be a key aspect

In this talk I only focused on a small subset of simplified models. A more complete list of Simplified models
for mono-X (other than mono-jet) could be:

Model mono-Higgs mono-Z

s-channel vector

Z; Z ′
Z; Z ′

h

q

q̄

χ; φ

χ; φ

s-channel scalar

h; Sh; S

h

q

q̄

χ

χ h; Sh; S

Z

q

q̄

χ

χ

2HDM

Z; Z ′
h; S

h

q

q̄

χ; φ

χ; φ
Z; Z ′

h; S

Z

q

q̄

χ

χ

Model mono-Higgs mono-Z

Inelastic DM

Z ′
χ′

χ

q

q̄

h

χ
Z ′

χ′

χ

q

q̄

Z

χ

Squark/sbottom q̄

q

χ

q̃

χ

q̃
h

q

q

χ

q̃

χ

q̃
Z

Inelastic squark q̄

q

h̃

q̃

χ

h

χ

q

q

χ′

q̃

χ

Z

χ

[S.P.Liew, M. Papucci, AV, K. Zurek]
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