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Document summarises proposal of LHC DM WG on how-to 
present LHC results on s-channel simplified DM models & to 

compare them to direct (indirect) detection experiments



Scope of 2nd meeting
3

Main focus of meeting on experimental & theoretical questions 
dealing with DM searches at LHC:

(i) complementarity & interplay of mediator searches leading to     
ET, miss & non-ET, miss signatures 

(ii) limitations of existing s-channel simplified DM models & 
possible improvements

(iii) review of progress in t-channel, spin-2 DM & gluphilic models 

(iv) discussion about experimental & theoretical issues concerning 
SM backgrounds relevant for ET, miss searches



Mono-jet searches at 13 TeV
4

Latest mono-jet searches are more complex than simple cut & 
count analyses of Run I.  A jet veto is not imposed anymore & 
hence searches sensitive to both initial state radiation (ISR) as 
well as gauge boson induced scatterings. Signal models need to 
correctly describe all possible ET, miss+jets production topologies
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Spin-1 simplified models: 13 TeV limits
5

Latest ET, miss+jets searches exclude mediator masses up to close    
to 2 TeV for both vector & axialvector exchange if gq = 0.25, gχ = 1 

[CMS PAS EXO-16-037] 
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[details in talks by Caterina, Zeynep, Antonio & Tristan] 



Spin-0 simplified models: 13 TeV limits
6
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[details in talks by Caterina, Zeynep, Antonio & Tristan] 



Spin-0 simplified models: 13 TeV limits
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[ATLAS-CONF-2016-050] 
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Spin-0 simplified models: 13 TeV limits
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Since pseudoscalar production enhanced by a factor of more than 2, 
mediator masses close to 450 GeV are excluded for gq = gχ =1

[details in talks by Caterina, Zeynep, Antonio & Tristan] 
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For coupling choice gq = 0.25, gχ = 1 di-jet searches provide complementary 
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Spin-1 simplified models: di-jet limits
9

[details in talks by Caterina, Zeynep, Antonio & Tristan] 



Spin-1 simplified models: tri-jet limits
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Mediators with mass down to 100 GeV can be tested by 
considering tri-jet events where one jet is hard & comes from ISR
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Figure 7: 95% confidence level upper limit on the Z’ production cross section compared to the
theoretical cross section for a Z’ with gB = 0.5, 1 (top) and the translation of that upper limit
to a limit on gB (bottom). Limits from other relevant searches are also shown. Recent ATLAS
results from Run 2 in [26, 36] are scaled to the coupling gB.

[CMS PAS EXO-16-030] 

[di-lepton limits on spin-1 models discussed by Bryan, Felix & Stefan] 



Spin-0 simplified models: di-top limits
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[Dicus et al., 9404359; Frederix & Maltoni, 0712.2355; Craig et al., 1504.04630; Bernreuther et al., 1511.05584; …]
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Figure 9: Observed (solid line) and expected (dashed line) upper limits on the signal strength parameter µ as a
function of the parameter tan � for a neutral pseudoscalar A with mass (a) mA = 500 GeV and (b) mA = 750 GeV.
The blue line at µ = 1 corresponds to the signal strength in the type-II 2HDM.
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Figure 10: Observed (solid line) and expected (dashed line) upper limits on the signal strength parameter µ as a
function of the parameter tan � for a neutral scalar H with mass (a) mH = 500 GeV and (b) mH = 750 GeV. The
blue line at µ = 1 corresponds to the signal strength in the type-II 2HDM.
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[ATLAS-CONF-2016-073] 

For a pseudoscalar (scalar) of 500 GeV, values of tanβ < 0.85 (tanβ < 0.45)      
are excluded at 95% CL in type II 2-Higgs doublet model (2HDM-II)

Spin-0 simplified models: di-top limits
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Easy to recast ATLAS limits to spin-0 simplified model parameter 
space. For light DM & mediator masses close to tt threshold get 

sensitivity to couplings close to 2 (1) in scalar (pseudoscalar) case 

scalar

pseudoscalar

Spin-0 simplified models: di-top limits



Cartoon of simplified model 
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FIG. 2. Left: Schematic mass spectrum of a simplified DM model. In the case considered, the

DM particle � is lighter than the heaviest SM particles t, h, Z, W . The lightest mediator state is

called Z
1

and can be produced on-shell at the LHC. The remaining dark-sector states Z
2

and Z
3

are separated by a mass gap from Z
1

and inaccessible. Right: The EFT limit of the simplified

model with a decoupled mediator Z
1

. See text for further details.

scenario, where all but the lightest dark-sector states are integrated out. By construction,

the physics of simplified models can therefore be characterized in terms of a small number of

parameters such as particle masses and couplings. While simplified models are clearly not

model-independent, they do avoid some pitfalls of DM-EFTs. In particular, they allow one to

correctly describe the kinematics of DM production at the LHC, by virtue of the dynamical

mediator(s) that they contain. Conversely, by making the mediator(s) su�ciently heavy the

EFT framework can be recovered. The latter feature is illustrated on the left-hand side of

Figure 2.

A. Note about Flavor and CP Violation

The requirement (III) deserves further explanations. The SM posseses both exact and

approximate global accidental symmetries. The former (baryon and lepton number) are

conserved at the renormalizable level, while the latter (custodial and flavor symmetries) are

broken by quantum e↵ects, but parametrically small in the sense that they become exact

global symmetries when a parameter or a number of parameters are set to zero. New physics

will generically not respect these accidental symmetries and, as a result, its parameter space

will be severely constrained: the new interactions are required to be weak or the new states

9

Z �

�
W,Z, h, t

A,B, . . . ,X, Y

mass gap



Are DM simplified models perfect?
15

By construction DM & mediator only relevant degrees of freedom 
at LHC energies. SM- & DM-mediator couplings are treated as free 
parameters & mechanism that provides mass to DM & mediator is 
unspecified

In ultraviolet (UV) complete model such as SM, couplings are usually 
not random but fixed by for example gauge invariance & anomalies. 
Higgs mechanism also an important ingredient in SM   

To UV complete simplified models have to add more structure to 
them & question is whether effects of new particles decouple or in 
fact change LHC phenomenology 



How-to spot potential problems?
16

There are at least two ways to figure out if use of simplified model is 
viable at LHC:

(i) take simplified model as is & see if scattering amplitudes relevant 
to DM searches violate perturbative unitarity at LHC energies

(ii) extend simplified model by a dark Higgs sector, new fermion 
sector, etc. & study if additional particle content modifies existing 
signals or leads to new signatures 

[see for instance Kahlhoefer et al., 1510.02110; Duerr et al.,1606.07609] 

[see for instance Englert et al., 1604.07975] 



Spin-1 mono-X amplitudes
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[UH, Kahlhoefer & Tait, 1603.01267] 

For OS couplings ET,miss spectrum significantly harder than in SS 
case. This is an artefact of unitarity violation & thus unphysical
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ET,miss spectra in mono-W sample
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Figure 2. Example of a ET,miss spectrum of a mono-W (left panel) and mono-jet (right-panel)
signal arising in the spin-1 simplified model. See text for additional explanations.

ET,miss signal regions (SRs) of LHC Run I mono-jet searches. That this expectation is
indeed correct is shown in Appendix A.

The paradoxical observation that an EW contribution appears to produce harder mono-
jet events than a QCD process casts doubt on the validity of the spin-1 simplified model
introduced in (2.1). Indeed, we will show below that the harder ET,miss spectrum in the
OS case is due to contributions that grow with energy and therefore potentially violate
unitarity. The aim of this note is to accurately describe the nature of this problem and
propose a number of ways of solving it by appropriately modifying or restricting the spin-1
simplified model under consideration.3

3 Unitarity violation and coupling structures

It is well-known that the production of longitudinal gauge bosons (such as Z 0
L) from

fermions can potentially violate unitarity at large energies (see for instance [15]). For
example, it was shown in [16] that for the spin-1 simplified model considered in (2.1) the
process � + �̄ ! Z 0

L + Z 0
L violates unitarity at large energies for non-zero axial-vector

couplings, unless a second dark Higgs is added to the theory. Since the amplitude is pro-
portional to the fermion mass, the corresponding process with light quarks only violates
unitarity at very large energies and can therefore be disregarded.

3Note that, since the interactions (2.1) of the Z0 boson explicitly break the EW symmetry, the corre-

sponding Ward identities are no longer satisfied by W bosons in the final state. As a result, the Goldstone

boson equivalence theorem does not hold, i.e. one does not obtain the same result at high energies when re-

placing WL fields by Goldstone bosons. In other words, since the gauge symmetry is broken, unitary gauge

and Feynman gauge are not equivalent and one cannot simply remove the mono-W problem by calculating

cross sections in Feynman gauge.

– 4 –

l V

�

[see also Bell et al., 1503.07874, 1512.00476]

same-sign (SS): gu = gd

opposite-sign (OS): gu = −gd



Cures & consequences
19

There a several ways to tame unitarity problem in pp→ET,miss+W: 

(i) formulate couplings between u, d & V in gauge-invariant way

(ii) add a WWV vertex to spin-1 simplified model 

(iii) implement interactions of quarks & V via dimension-6 operators 

Irrespectively of how issue is resolved, sensitivity of mono-jet searches 
will always exceed that of mono-W channel in modified theory. Same 
verdict has been reached in EFT case & t-channel simplified DM models 
with coloured scalar exchange

[see backup slides for details & Bell et al.,1503.07874, 1512.00476 for EFT & t-channel discussions]



Spin-0 mono-X amplitudes
20

1-loop gg→Z+S amplitude diverges for s→∞. Naively, numerical effect 
small unless coupling gt large & centre-of-mass energy s1/2 ≫13 TeVS
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Structure of spin-0 simplified model
21

Since left- & right-handed SM fermions have different quantum numbers, 
interaction of form

not SU(2)L × U(1)Y gauge invariant

Given that S is a SM singlet, terms like 

not forbidden by EW symmetry. Why are such couplings not included?

LS �
� gqyq�

2
q̄qS =

� gqyq�
2

(q̄LqR + q̄RqL) S

S|H|2, S2|H|2, S3, S4



Extensions of spin-0 simplified model
22

L � µsH†H
Two physical spin-0 states h, S 

& single mixing angle ϴ

Model predicts universal suppression of Higgs couplings as modifications of 
gauge-scalar & fermion-scalar couplings fully correlated. If kinematically 

allowed new Higgs decays h→χχ & h→SS present.  All ET,miss cross sections 
are changed. In particular,  V+ET,miss  as well as VBF+ET,miss contributions arise   

[details in talks by Felix, Giorgio & Kristian] 



Extensions of spin-0 simplified model
23

Can decouple gauge-scalar & fermion-scalar couplings which allows to 
avoid Higgs constraints. Besides invisible & exotic Higgs decays, also 

neutral & charged Higgs searches & flavour physics constrain parameter 
space. In alignment/decoupling limit, ET,miss signatures driven by fermionic 

contributions while V+ET,miss & VBF+ET,miss channels necessarily small

Six physical spin-0 states h, H, A, H±, P & 
three mixing angle α, β, ϴ

L � iµaH†
uHd + h.c.



[CMS, 1408.3583] 

Mono-jet backgrounds at 8 TeV
24

At 8 TeV SM background to mono-jet searches has an error of O(10%)

7

Z(nn)g events are included in the estimation of W+jets and Z(nn)+jets from data, as photons
are not explicitly vetoed in the estimation of the W+jets and Z(nn)+jets backgrounds. Single
top and Z(``)+jets (including Z(``)g production) are predicted to contribute ⇠0.3% of the to-
tal background, and are determined from simulation. A 50% uncertainty is assigned to these
backgrounds. In addition to this 50% uncertainty, the uncertainty on the QCD background also
receives a contribution of 30% arising from the uncertainty on the data/MC scale factor.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds and
the data is shown in Table 3 for different values of the Emiss

T selection. The observed number
of events is consistent with the background expectation, given the statistical and systematic
uncertainties. The CLs method [53–55] is employed for calculating the upper limits on the sig-
nal cross section using a profile likelihood ratio as the test-statistic and systematic uncertain-
ties modeled by log-normal distributions. The expected and observed 95% confidence level
(CL) upper limits on the contribution of events from new physics are also shown. The model-
independent upper limits on the visible cross section for non-SM production of events (denoted
sBSM

vis ) are shown in Fig. 4.

Table 3: SM background predictions for the numbers of events passing the selection require-
ments, for various Emiss

T thresholds, compared with the observed numbers of events. The un-
certainties include both statistical and systematic components. The last two rows give the
expected and observed upper limits, at 95% CL, for the contribution of events from non-SM
sources passing the selection requirements.

Emiss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

Z(nn)+jets 32100 ± 1600 12700 ± 720 5450 ± 360 2740 ± 220 1460 ± 140 747 ± 96 362 ± 64
W+jets 17600 ± 900 6060 ± 320 2380 ± 130 1030 ± 65 501 ± 36 249 ± 22 123 ± 13
tt 446 ± 220 167 ± 84 69 ± 35 31 ± 16 15 ± 7.7 6.6 ± 3.3 2.8 ± 1.4
Z(``)+jets 139 ± 70 44 ± 22 18 ± 9.0 8.9 ± 4.4 5.2 ± 2.6 2.3 ± 1.2 1.0 ± 0.5
Single t 155 ± 77 53 ± 26 18 ± 9.1 6.1 ± 3.1 0.9 ± 0.4 — —
QCD multijets 443 ± 270 94 ± 57 29 ± 18 4.9 ± 3.0 2.0 ± 1.2 1.0 ± 0.6 0.5 ± 0.3
Diboson 980 ± 490 440 ± 220 220 ± 110 118 ± 59 65 ± 33 36 ± 18 20 ± 10
Total SM 51800 ± 2000 19600 ± 830 8190 ± 400 3930 ± 230 2050 ± 150 1040 ± 100 509 ± 66
Data 52200 19800 8320 3830 1830 934 519
Exp. upper limit+1s 5940 2470 1200 639 410 221 187
Exp. upper limit �1s 2870 1270 638 357 168 123 104
Exp. upper limit 4250 1800 910 452 266 173 137
Obs. upper limit 4510 1940 961 397 154 120 142

The total systematic uncertainty in the signal yield is found to be approximately 20% for dark
matter, ADD extra dimensions, and unparticles. The sources of systematic uncertainties con-
sidered are: jet energy scale; PDFs; renormalization/factorization scales; modeling of the ISR;
simulation of event pileup; and the luminosity measurement. The dominant uncertainties are
from the modeling of the ISR, which contributes at the level of 5% for the dark matter models
and 12% for ADD/unparticle models, and the choice of renormalization/factorization scale,
which leads to an uncertainty of around 10% for ADD/unparticle models and 15% for the dark
matter models. The ISR uncertainty is estimated by varying the matching scales between MAD-
GRAPH and PYTHIA up and down for the dark matter models, and by varying parton shower
parameters within PYTHIA for the ADD and unparticle models.

For each signal point, limits are derived from the signal region expected to give the best limit
on the cross section. For dark matter and ADD models, the most stringent limits are obtained
for Emiss

T > 500 GeV, whereas for unparticles the optimal selection varies from Emiss
T > 300 GeV
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of events is consistent with the background expectation, given the statistical and systematic
uncertainties. The CLs method [53–55] is employed for calculating the upper limits on the sig-
nal cross section using a profile likelihood ratio as the test-statistic and systematic uncertain-
ties modeled by log-normal distributions. The expected and observed 95% confidence level
(CL) upper limits on the contribution of events from new physics are also shown. The model-
independent upper limits on the visible cross section for non-SM production of events (denoted
sBSM

vis ) are shown in Fig. 4.

Table 3: SM background predictions for the numbers of events passing the selection require-
ments, for various Emiss

T thresholds, compared with the observed numbers of events. The un-
certainties include both statistical and systematic components. The last two rows give the
expected and observed upper limits, at 95% CL, for the contribution of events from non-SM
sources passing the selection requirements.

Emiss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

Z(nn)+jets 32100 ± 1600 12700 ± 720 5450 ± 360 2740 ± 220 1460 ± 140 747 ± 96 362 ± 64
W+jets 17600 ± 900 6060 ± 320 2380 ± 130 1030 ± 65 501 ± 36 249 ± 22 123 ± 13
tt 446 ± 220 167 ± 84 69 ± 35 31 ± 16 15 ± 7.7 6.6 ± 3.3 2.8 ± 1.4
Z(``)+jets 139 ± 70 44 ± 22 18 ± 9.0 8.9 ± 4.4 5.2 ± 2.6 2.3 ± 1.2 1.0 ± 0.5
Single t 155 ± 77 53 ± 26 18 ± 9.1 6.1 ± 3.1 0.9 ± 0.4 — —
QCD multijets 443 ± 270 94 ± 57 29 ± 18 4.9 ± 3.0 2.0 ± 1.2 1.0 ± 0.6 0.5 ± 0.3
Diboson 980 ± 490 440 ± 220 220 ± 110 118 ± 59 65 ± 33 36 ± 18 20 ± 10
Total SM 51800 ± 2000 19600 ± 830 8190 ± 400 3930 ± 230 2050 ± 150 1040 ± 100 509 ± 66
Data 52200 19800 8320 3830 1830 934 519
Exp. upper limit+1s 5940 2470 1200 639 410 221 187
Exp. upper limit �1s 2870 1270 638 357 168 123 104
Exp. upper limit 4250 1800 910 452 266 173 137
Obs. upper limit 4510 1940 961 397 154 120 142

The total systematic uncertainty in the signal yield is found to be approximately 20% for dark
matter, ADD extra dimensions, and unparticles. The sources of systematic uncertainties con-
sidered are: jet energy scale; PDFs; renormalization/factorization scales; modeling of the ISR;
simulation of event pileup; and the luminosity measurement. The dominant uncertainties are
from the modeling of the ISR, which contributes at the level of 5% for the dark matter models
and 12% for ADD/unparticle models, and the choice of renormalization/factorization scale,
which leads to an uncertainty of around 10% for ADD/unparticle models and 15% for the dark
matter models. The ISR uncertainty is estimated by varying the matching scales between MAD-
GRAPH and PYTHIA up and down for the dark matter models, and by varying parton shower
parameters within PYTHIA for the ADD and unparticle models.

For each signal point, limits are derived from the signal region expected to give the best limit
on the cross section. For dark matter and ADD models, the most stringent limits are obtained
for Emiss

T > 500 GeV, whereas for unparticles the optimal selection varies from Emiss
T > 300 GeV
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Figure 5: The 95% CL lower limits on the suppression scale M⇤ at
p

s = 14, TeV for three signal regions
defined by Emiss

T > 400, 600 and 800 GeV. The limits are shown for the D5 operators with M� = 50 GeV
(left) and 400 GeV (right). Two scenarios for the total background systematic uncertainty are considered:
initial 5% (top) and ultimate 1% (bottom). These results assume that the EFT is a valid approach. The
discussion of EFT validity is deferred to Sec. 6.

to these preliminary estimates, the first moments after the Phase 0 upgrade will already be extremely
important and the first data delivered early in 2015 may already be su�cient to test the eventual presence
of new physics, provided the upgraded detector will be understood promptly in terms of systematic
uncertainties. Accumulating 3000 fb�1 of data by 2030 and pushing down the systematics to 1% may
shift the M⇤ limits by another factor of 2, when comparing with the first 5 fb�1 and a 5% systematic. The
3000 fb�1 limit comes from the highest Emiss

T region considered in this study, Emiss
T > 800 GeV. Higher

Emiss
T regions are likely to bring further sensitivity.

The improvement in the exclusion limits is not the only benchmark for evaluating the sensitivity of
the analysis at 14 TeV. If Dark Matter is within the reach of the LHC, it is useful to know how much
data is needed for a 5� discovery. Once again, it should be stressed that the following results assume
specific values for the SM-DM couplings (⇡ < pgSMgDM  4⇡) so that, in principle, the EFT approach
can be considered valid. This set of coupling values has been confirmed to result in a valid EFT for the
full range of M⇤ considered in the following discovery potential studies.

Figure 7 compares the signal strength for the Dark Matter operator D5 with M� = 50 GeV with one
year of data after the Phase 0 upgrade (L = 25 fb�1), with the full dataset before the Phase 2 upgrade
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Figure 5: The 95% CL lower limits on the suppression scale M⇤ at
p

s = 14, TeV for three signal regions
defined by Emiss

T > 400, 600 and 800 GeV. The limits are shown for the D5 operators with M� = 50 GeV
(left) and 400 GeV (right). Two scenarios for the total background systematic uncertainty are considered:
initial 5% (top) and ultimate 1% (bottom). These results assume that the EFT is a valid approach. The
discussion of EFT validity is deferred to Sec. 6.

to these preliminary estimates, the first moments after the Phase 0 upgrade will already be extremely
important and the first data delivered early in 2015 may already be su�cient to test the eventual presence
of new physics, provided the upgraded detector will be understood promptly in terms of systematic
uncertainties. Accumulating 3000 fb�1 of data by 2030 and pushing down the systematics to 1% may
shift the M⇤ limits by another factor of 2, when comparing with the first 5 fb�1 and a 5% systematic. The
3000 fb�1 limit comes from the highest Emiss

T region considered in this study, Emiss
T > 800 GeV. Higher

Emiss
T regions are likely to bring further sensitivity.

The improvement in the exclusion limits is not the only benchmark for evaluating the sensitivity of
the analysis at 14 TeV. If Dark Matter is within the reach of the LHC, it is useful to know how much
data is needed for a 5� discovery. Once again, it should be stressed that the following results assume
specific values for the SM-DM couplings (⇡ < pgSMgDM  4⇡) so that, in principle, the EFT approach
can be considered valid. This set of coupling values has been confirmed to result in a valid EFT for the
full range of M⇤ considered in the following discovery potential studies.

Figure 7 compares the signal strength for the Dark Matter operator D5 with M� = 50 GeV with one
year of data after the Phase 0 upgrade (L = 25 fb�1), with the full dataset before the Phase 2 upgrade
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At high-luminosity LHC, systematic uncertainties will limit reach of 
mono-jet searches. How far can one push these uncertainties down?        
1% seems like a big challenge for both experiment & theory  
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2 3 Signal hypotheses

tors embedded in the steel flux-return yoke outside the solenoid, which cover |h| < 2.4. The
first level of the CMS trigger system, composed of specialized hardware processors, is designed
to select the most interesting events in less than 4 µs, using information from the calorimeters
and muon detectors. The high-level trigger processor farm is used to reduce the event rate to a
few hundred per second.

The particle-flow (PF) algorithm reconstructs and identifies each individual particle with an
optimized combination of information from the various elements of the CMS detector [25, 26].
Jets are reconstructed by the clustering of PF objects using both the anti-kT algorithm [27] with
0.5 as the distance parameter (AK5), and the Cambridge–Aachen algorithm [28] with 0.8 as the
distance parameter (CA8). The jets used in this analysis are required to pass standard CMS
identification criteria [29]. The jet momenta are corrected for contamination from additional
interactions in the same bunch crossing (pileup) on the basis of the observed event energy
density [30]. Further corrections are then applied to calibrate the absolute scale of the jet en-
ergy [29].

The missing transverse momentum vector ~pmiss
T is defined as the negative vector sum of the pT

of all final state particles that are reconstructed using the PF algorithm. The magnitude of ~pmiss
T

is referred to as Emiss
T . Events with a large misreconstructed Emiss

T are removed by applying
quality filters on the tracker, ECAL, HCAL, and muon detector data.

3 Signal hypotheses

The signal hypotheses in this search are a set of simplified models for DM production [20–22].
These models assume the existence of an additional particle, a fermionic DM candidate, and an
additional interaction that mediates the production of DM. In particular, it is assumed that this
additional interaction is mediated by a generic spin-0 or spin-1 particle. The interactions are
characterized by four Lagrangians, written for a Dirac-fermion DM particle c with mass mDM,
and a vector (Z0), axial vector (A), scalar (S), or pseudoscalar (P) mediator with mass mMED as,

Lvector �
1
2

m2
MEDZ0

µZ0µ � gDMZ0
µcgµc � gSM Â

q
Z0

µqgµq � mDMcc, (1)

Laxial vector �
1
2

m2
MEDAµAµ � gDMAµcgµg5c � gSM Â

q
Aµqgµg5q � mDMcc, (2)

Lscalar � �1
2

m2
MEDS2 � gDMScc � gq Â

q=b,t

mq

v
Sqq � mDMcc, (3)

Lpseudoscalar � �1
2

m2
MEDP2 � igDMPcg5c � igq Â

q=b,t

mq

v
Pqg5q � mDMcc, (4)

where v = 246 GeV is the SM Higgs potential vacuum expectation value [31]. For the vector
and axial vector mediators, the terms gDM and gSM denote the couplings of the mediator to
the DM particle and to SM particles, respectively. In all models considered, these couplings
are assumed to be unity (gSM = gDM = 1). For the scalar and pseudoscalar models, gq = 1 is
assumed for all quark flavours, which implies a SM Higgs-like coupling of the mediator to the
SM fermions. The split in terms of axial vector and vector mediators in the Lagrangian parallels
the existing separation in DD experiments, into spin-dependent (SD) and spin-independent (SI)
interactions; SI can refer to either vector or scalar mediated interactions, between which DD
experiments cannot distinguish, while SD interactions refer to axial vector mediated processes.
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Figure 1: Diagrams for production of DM via a scalar (S) or pseudoscalar (P) mediator in the
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Figure 10: The 90% CL exclusion contours in the mMED � mDM plane assuming vector (top–
left), axial vector (top–right), scalar (bottom–left), and pseudoscalar (bottom–right) mediators.
The scale shown on the right hand axis shows the expected 90% CL exclusion upper limit
on the signal strength, assuming the mediator only couples to fermions. For the scalar and
pseudoscalar mediators, the exclusion contour assuming coupling only to fermions (fermionic)
is also shown. The white region shows model points that were not tested when assuming
coupling only to fermions and are not expected to be excluded by this analysis under this
assumption. The red dot-dashed lines indicate the variation in the exclusion contours due to
modifying the renormalization and factorization scales by a factor of two in the generation of
the signal. In all cases, the excluded region is to the bottom–left of the contours, except for the
relic density, which shows the regions for which Wch2 = 0.12, as indicated by the shading. In
all of the models, the mediator width is determined using the minimum width assumption.

to be a Dirac fermion. The results shown from Fermi LAT have been scaled by a factor of two
compared to Ref. [99], because of the assumption of a Majorana DM fermion made by that
analysis. The limits from this analysis improve on those from Fermi LAT for DM masses up to
150 GeV.

An excess in g ray emission, consistent with the annihilation of DM, at the galactic centre has
been reported in several studies using data from Fermi LAT [103–105]. Further studies of this
excess suggest that DM annihilation could be mediated by a light pseudoscalar particle [106,
107]. The 68% CL preferred regions in this plane assuming the annihilation of DM pairs to
light-quarks (qq), t+t�, or bb, using data from Fermi LAT, are shown as solid colour regions
in Fig. 11(bottom–right). For the simplified model, and assuming that gDM = gq = 1, all of
these regions are excluded by this analysis.
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Figure 10: The 90% CL exclusion contours in the mMED � mDM plane assuming vector (top–
left), axial vector (top–right), scalar (bottom–left), and pseudoscalar (bottom–right) mediators.
The scale shown on the right hand axis shows the expected 90% CL exclusion upper limit
on the signal strength, assuming the mediator only couples to fermions. For the scalar and
pseudoscalar mediators, the exclusion contour assuming coupling only to fermions (fermionic)
is also shown. The white region shows model points that were not tested when assuming
coupling only to fermions and are not expected to be excluded by this analysis under this
assumption. The red dot-dashed lines indicate the variation in the exclusion contours due to
modifying the renormalization and factorization scales by a factor of two in the generation of
the signal. In all cases, the excluded region is to the bottom–left of the contours, except for the
relic density, which shows the regions for which Wch2 = 0.12, as indicated by the shading. In
all of the models, the mediator width is determined using the minimum width assumption.

to be a Dirac fermion. The results shown from Fermi LAT have been scaled by a factor of two
compared to Ref. [99], because of the assumption of a Majorana DM fermion made by that
analysis. The limits from this analysis improve on those from Fermi LAT for DM masses up to
150 GeV.

An excess in g ray emission, consistent with the annihilation of DM, at the galactic centre has
been reported in several studies using data from Fermi LAT [103–105]. Further studies of this
excess suggest that DM annihilation could be mediated by a light pseudoscalar particle [106,
107]. The 68% CL preferred regions in this plane assuming the annihilation of DM pairs to
light-quarks (qq), t+t�, or bb, using data from Fermi LAT, are shown as solid colour regions
in Fig. 11(bottom–right). For the simplified model, and assuming that gDM = gq = 1, all of
these regions are excluded by this analysis.
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13 TeV limits on ET, miss+bb 
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ET, miss+bb searches not yet sensitive to spin-0 models with weak couplings
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Figure 5: Exclusion limits of DM scalar mediators with a DM mass of 1 GeV for 13.3 fb�1 of data.
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Figure 6: Exclusion limits of DM pseudoscalar mediators with a DM mass of 1 GeV for 13.3 fb�1 of data.
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Figure 5. Contours of couplings which violate perturbative unitarity at various fixed CM energies for
varying mediator mass m�. Vector (V) and axial-vector (A) mediators are shown. Contours of fixed
width-to-mass ratio are also shown.

mass when evaluated at much larger energies and also the fact that the amplitude is well-

behaved as all potentially dangerous contributions are suppressed by the small quark mass.

Another interesting feature in each plot is that as
p

ŝ ! m� the coupling at which unitarity is

violated becomes smaller. The reason for this is however artificial, since the final state gluon

is becoming soft in this limit and the IR divergence is manifesting as a large logarithm which

significantly increases the cross section. Inclusion of the NLO QCD corrections to qq ! � in

this case would regulate this unphysical divergence. For this reason we truncate the contours

early at m� =
p

ŝ
q

1 � 2Ej/
p

ŝ where we take Ej = 150 GeV. The motivation for this choice

is that as the final-state jet energy falls below 150 GeV the jet pT would fall below typical cuts

in any case and these events would instead contribute to the inclusive mediator production

cross section instead.

For both mediators we see that perturbative unitarity does not become a relevant con-

straint unless the couplings are large, unsurprisingly around c ⇠ O(4⇡). Also, the couplings

which do violate unitarity are typically so large that the particle interpretation of the me-

diator is called into question by the large mediator width. This result is not surprising for

the vector mediator model as it is in principle already UV-complete⇤⇤ and thus we do not

expect to see perturbative unitarity violation unless the relevant couplings have themselves

become nonperturbative. For the axial vector case it was shown in [57] that in the absence

of additional Higgs-like fields processes such as qq ! A⇤ ! qq may violate perturbative uni-

tarity whenever mA ⌧ mq. This is essentially because for a gauge coupling gA ⇠ O(1), in

the limit mA ⌧ mq an axial-vector interaction essentially implies a large non-perturbative

coupling between the longitudinal (Goldstone) component of the massive axial vector and

the quarks. However, in the case considered here, since production is from initial state light

quarks, such e↵ects are highly suppressed by powers of the small quark Yukawas.†† Thus

⇤⇤For example, for a vector mediator model one could imagine a gauged U(1)B�L symmetry with a Stuck-

elberg mechanism providing the longitudinal degree of freedom for the massive gauge boson.
††We have confirmed that whenever the initial state quark masses are large, as for e.g. top quarks, this e↵ect
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Figure 7. As in Fig. 5 however in this case mono-Z signatures are considered.

4.2.3 Mono-Z

The mono-boson constraints are perhaps most interesting as they directly probe the elec-

troweak symmetry breaking structure of the SM and hence at high energies are sensitive to

the gauge structure of the simplified model couplings. Here we will consider mono-Z signa-

tures, which are similar to the mono-W signatures in respect of perturbative unitarity. Once

again, we only consider the vector and axial vector mediators as the scalar and pseudoscalar

couplings to light quarks are suppressed by the small Yukawas.

The early work of [75] suggests that in the absence of a new Higgs boson coupled to ZµAµ

the axial-vector Feynman diagram of Fig. 7 should violate perturbative unitarity at high

CM energies. However, the dangerous contribution to the amplitude is proportional to the

fermion mass, thus we do not expect this to be an important concern. As shown in Fig. 7, the

couplings for which perturbative unitarity breaks down are all very large, showing once again

that unitarity is only violated as a result of the breakdown of perturbativity. Furthermore,

as long as the mediator mass is less than half of its width, perturbative unitarity is satisfied.

200 400 600 800 1000

1

10

100

1000

m�

cS,VV
S

1

1 TeV
7 TeV

100 TeV

�S > MS/2

p
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Figure 8. As in Fig. 5 however in this case mono-Z
signatures are considered.

4.2.4 Fermiophobic Mediator

Finally we consider the new fermiophobic

scalar mediator simplified model proposed

in Sec. 3. This model only contains a

scalar mediator. We show the perturba-

tive unitarity constraints in Fig. 8, where

we have considered the mono-Z process.

The coupling cS,V V rescales the Higgs cou-

pling, which is determined by the weak cou-

plings, thus a weak coupling enters in the

fermion coupling to the Z-boson. Due to

this suppression, perturbative unitarity is

– 14 –

[Englert et al., 1604.07975] 

Z
g

ET,miss+jet, Z, h amplitudes in spin-1 models have no problem with unitarity at 
LHC energies & beyond unless DM-mediator couplings are non-perturbative†

†For such couplings, one always has ΓV>MV & simple particle description breaks down



ET,miss spectra in mono-jet sample
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In fact, EW channel pp→W(→qq′)+ V(→χχ) even produces  
harder mono-jet events than QCD process pp→jets+ V(→χχ)
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Figure 2. Example of a ET,miss spectrum of a mono-W (left panel) and mono-jet (right-panel)
signal arising in the spin-1 simplified model. See text for additional explanations.

ET,miss signal regions (SRs) of LHC Run I mono-jet searches. That this expectation is
indeed correct is shown in Appendix A.

The paradoxical observation that an EW contribution appears to produce harder mono-
jet events than a QCD process casts doubt on the validity of the spin-1 simplified model
introduced in (2.1). Indeed, we will show below that the harder ET,miss spectrum in the
OS case is due to contributions that grow with energy and therefore potentially violate
unitarity. The aim of this note is to accurately describe the nature of this problem and
propose a number of ways of solving it by appropriately modifying or restricting the spin-1
simplified model under consideration.3

3 Unitarity violation and coupling structures

It is well-known that the production of longitudinal gauge bosons (such as Z 0
L) from

fermions can potentially violate unitarity at large energies (see for instance [15]). For
example, it was shown in [16] that for the spin-1 simplified model considered in (2.1) the
process � + �̄ ! Z 0

L + Z 0
L violates unitarity at large energies for non-zero axial-vector

couplings, unless a second dark Higgs is added to the theory. Since the amplitude is pro-
portional to the fermion mass, the corresponding process with light quarks only violates
unitarity at very large energies and can therefore be disregarded.

3Note that, since the interactions (2.1) of the Z0 boson explicitly break the EW symmetry, the corre-

sponding Ward identities are no longer satisfied by W bosons in the final state. As a result, the Goldstone

boson equivalence theorem does not hold, i.e. one does not obtain the same result at high energies when re-

placing WL fields by Goldstone bosons. In other words, since the gauge symmetry is broken, unitary gauge

and Feynman gauge are not equivalent and one cannot simply remove the mono-W problem by calculating

cross sections in Feynman gauge.

– 4 –
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[UH, Kahlhoefer & Tait, 1603.01267] 



Mono-W problem in mono-jets
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†Plots show SRs as defined in ATLAS, 1502.01518

Unitarity problem persists after parton shower, hadronisation corrections 
& detector effects.  As a result, EW contribution gives rise to majority of 
events in high-ET,miss signal regions (SRs) of mono-jet searches† in OS case
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Figure 4. Fiducial mono-jet cross sections for the SR1 to SR9 selections. The left (right) panel
shows the predictions for a spin-1 simplified model with only vector (axial-vector) couplings. See
text for further explanations.

simulation. To cluster jets we used FastJet [33] employing the anti-kt algorithm [34] with
radius parameter R = 0.4.

In the ATLAS analysis the following preselection criteria are imposed. Events are
required to have a reconstructed primary vertex, ET,miss > 150 GeV and at least one jet
with pT > 30 GeV and |⌘| < 4.5 in the final state. Events that do not pass certain jet
quality requirements or do contain charged leptons or isolated tracks are rejected. Events
having a leading jet with pT > 120 GeV and |⌘| < 2.0 are selected, if the leading-jet pT and
the ET,miss satisfy pT /ET,miss > 0.5. Furthermore, the requirement ��(jet, ~pT,miss) > 1.0
on the azimuthal separation between the direction of the missing transverse momentum
and that of each of the selected jets is imposed. Nine distinct SRs are considered with the
following ET,miss thresholds {150, 200, 250, 300, 350, 400, 500, 600, 700}GeV.

Our results for the fiducial mono-jet cross section corresponding to SR1 to SR9 are
shown in the two panels of Figure 4. The plots are based on MZ0 = 1TeV, mDM = 10GeV
and all leptonic couplings are taken to be zero. In the left (right) panel we present the
case of pure vector couplings gV

DM = 1 and |gV
u | = |gV

d | = 0.25 (pure axial-vector couplings
gA
DM = 1 and |gA

u | = |gA
d | = 0.25). The corresponding total decay width of the Z 0 boson are

�Z0 = 56.5 GeV and �Z0 = 55.5 GeV assuming a minimal width. One first observes that the
obtained results are to good approximation independent of whether vector or axial-vector
exchange is considered. Second, while the fiducial cross sections corresponding to the QCD
contributions (blue and green markers) are within statistical uncertainties identical for the
SS and OS choices, in the EW case the OS signal strengths (red markers) are, depending on
the considered SR, larger than the SS predicitons (yellow markers) by a factor of around 25
to 400. One also sees that, as a result of the constructive interference in the OS case,
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MZ� = 1TeV

m� = 10GeV

gV,A
DM = 1

|gV,A
u,d | = 0.25

[UH, Kahlhoefer & Tait, 1603.01267] 
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Mono-W problem: solution I
38

Since s-behaviour of ud→W+V amplitude proportional to gu − gd 
tree-level unitarity recovered for gQ = gd = gu. Latter requirement 
automatically fulfilled, if quark couplings to V are written in a way  
that preserves EW symmetry:

L L

L L

QL = (uL, dL)T

LV qq̄ = �
�

u,d

Vµ

�
gQ Q̄L�µQL + gu ūR�µuR + gd d̄R�µdR

�



Mono-W problem: solution 2
39

Second solution obtained by thinking about how unitarity of ud→W+Z 
amplitude is realised within SM:

Diagram with WWZ coupling cancels divergent s-behaviour of graphs 
with t-channel quark exchange. This is a result of gauge invariance 

u u

ud

d d
Z

W Z

W

u

d

W

W

Z

|M|2 =
3g4c2

w|Vud|2

32M2
W

(d1 + d2 � 2d3) s2 sin2 �



[UH, Kahlhoefer & Tait, 1603.01267] 

Mono-W problem: solution 2
40

+
1
2

(�µV� � ��Vµ)
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�g = gL
u � gL

d �= 0

SM result implies that even if 

unitarity violation avoided by adding following gauge-boson couplings to 
Lagrangian:



LXqX̄ = �
�

q

Xµq̄
�
fV

q �µ + fA
q �µ�5

�
q , fL

u � fL
d = 0

Xµ = N31Aµ + N32Zµ + N33Vµ

Mono-W problem: solution 2
41

�g = gL
u � gL

d = gN23 , gWWV = gN23

In fact, if  V arises through mixing with a new vector field X, that is

& X has quark couplings of form 

then relevant V couplings automatically obey 

& modified theory unitary

[UH, Kahlhoefer & Tait, 1603.01267] 
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Mono-W problem: solution 3
42

Quark-couplings of  V can also be realised via dimension-6 operators:

In such a case SU(2)L breaking is however not O(1), but given by† 

In this model unitary at 13 TeV LHC requires either |gu   | = |gd   | < 0.05  
or if |gu   | = |gd   | = 0.25 & MV = 1 TeV is chosen, one has to employ 
truncation with s1/2 < 6 TeV. Both options reduce mono-W sensitivity

V,A V,A 

V,A V,A 

~

[UH, Kahlhoefer & Tait, 1603.01267] 



Unitarity violation: χχ → Z′Z′
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For mχ = 10 (100) GeV, new physics must appear before 5 (0.5) TeV to 
restore unitarity in DM annihilation to Z′ pairs 
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[Kahlhoefer et al.,1510.02110] 



Dark Higgs sector
44

[Kahlhoefer et al.,1510.02110] 

Simplest way to restore unitarity is to generate mediator mass by Higgsing 
U(1)′ symmetry.  Assuming that DM is Majorana particle (to avoid strong 
DD constraints due to vector coupling), one can write 

LS = {(�µ + igSZ �µ)S}† {(�µ + igSZ�µ)S}+ µ2
sS

†S � �s

�
S†S

�2

Once S acquires vacuum expectation value (VEV) w, ψ & Z′ get massive 

LDM =
i

2
�̄/�� � 1

2
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1
2

yDM �̄ (PLS + PRS�) �
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yDMw�

2
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DMw



Z′ interactions
45

[Kahlhoefer et al.,1510.02110] 

Gauge invariance of SM Yukawa couplings requires that charges q are 
generation universal & must satisfy consistency conditions (CCs): 

Interactions between SM states & Z′ gauge boson can be written as

L�
SM =

�
(DµH)†(�ig�qHZ �

µH) + h.c.
�

+ g�2q2
HZ �µZ �

µH†H

�
�

f=q,�,�

g�Z �µ �
q̄fL f̄L�µfL + q̄fR f̄R�µfR

�

qH = qqL � quR = qdR � qqL = qeR � q�L



Implications of CCs
46

[Kahlhoefer et al.,1510.02110] 

For arbitrary charge assignments consistent with CCs, theory will have 
anomalies, but new fermions F do not need to be coloured since ggZ′ 
anomaly vanishes automatically. This is a nice feature because masses of 
new fermions bounded by unitarity: 

� 3 (2qqL � quR � qdR)
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�
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2
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gA
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g

g

f

f
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Implications of CCs
47

CCs also imply that for non-zero axialvector couplings to SM fermions,  
SM Higgs must carry U(1)′ charge. This has two important consequences:

• Z′ must couple with same strength to quarks & leptons (assuming 
one Higgs doublet), resulting in stringent constraints from di-lepton 
resonance searches

• VEV of SM Higgs leads to Z−Z′ mixing, which is severely constrained 
by EW precision observables (EWPOs)

[Kahlhoefer et al.,1510.02110] 



Axialvector Z′: constraints
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Fermion singlet DM
49

In fact, by adding 

to SM Lagrangian both issues can be addressed 

As a result of portal coupling μ, SM Higgs h & singlet s mix, giving rise to 
mass eigenstates h1,2:

For small θ ≪ 1, h1 (h2) SM Higgs-like (singlet-like)

Ls � y��̄�s + µs|H|2

[Kim et al., 0803.2932; Baek et al., 1112.1847; Lopez-Honorez et al., 1203.2064; Fairbairn & Hogan, 1305.3452; …]



Fermion singlet DM: vertices
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Fermion singlet DM: signatures
51

Compared to spin-0 simplified model LHC phenomenology is richer in 
fermion singlet DM scenario: 

(i) universal suppression of SM Higgs couplings by cosϴ — LHC Run I 
data requires already sinϴ < 0.4

(ii) new SM Higgs decay modes h1→χχ & h1→h2h2  if kinematically 
allowed 

(iii) ET,miss cross sections are changed & new signatures like W/Z+ET,miss 

& VBF+ET,miss arise — ET,miss processes involving EW bosons cannot 
be described consistently in spin-0 simplified model 

~



Mono-jet vs. W/Z, VBF+ET,miss signal
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