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The Higgs was the last guided discovery

Disclaimer

Experimental research now is exploration, not validation
Right now, we are not sure of what we should search for

We do have theoretical questions to be asked to data, e.g.

Naturalness: a proper microscopic origin of EW scale?

Dark Matter: must be there. Can be a WIMP?

However, searching for specific signals dictated by those 
questions should be accompanied by theory-independent 
exploration effort. [This holds now and, if nothing is seen at future coll.]



MCHM4

MCHM5

MCHM10 . . .
Few discrete possibilities 

for fermion couplings:

Higgs-Vectors coupling modification: kV =
p

1� ⇠

kF =
1� 2⇠p
1� ⇠

kF =
p

1� ⇠{
CAVEATS: 1) Easy to encounter 


2) Easy to find extra Goldstone 
scalars that contribute by mixing


3) New couplings are also there

kt 6= kb

Model-independent prediction, from symmetries
Direct connection with tuning:

⇠ =
v2

f2
� � 1

⇠

(see e.g. arXiv:1205.5444)
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http://arxiv.org/abs/arXiv:1205.5444


Current bound (from ATLAS) is              .
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Higgs Couplings in CH

No much space for improvement at run-2
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-1
 Ldt = 4.6-4.8 fb∫= 7 TeV, s
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b, bττ, ZZ*, WW*, γγ →Combined h 

]dκ, uκ, VκSimplified MSSM [

Exp. 95% CL Obs. 95% CL

Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

Higgs coupling modifications expected (a priori) from 
second doublet mixing:

kt ' 1� 1

1 + t2
✏

kV ' 1�O(✏2)

t = tan�

Direct H,A searches

     [from Barbieri et. al, 2013]

kb ' 1 +
t2

1 + t2
✏

✏ ⇠ m2
h

m2
A

Higgs Couplings in the MSSM
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The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss
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process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width
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Higgs coupling modifications expected (a priori) from 
second doublet mixing:
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The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width
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Natural MSSM is fine with couplings, but killed by mass
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

m2
H > m2

Z
Exponentially 
heavy stops

Exponentially 
large tuning

� & 100

Higgs Couplings in the MSSM



Less Minimal SUSY (  -SUSY)

Adding extra singlet is sufficient to avoid heavy stops

�
[Barbieri et al. 2006, Hall et al. 2012, Barbieri et al. 2013]

W� = �SHuHd

No decoupling limit. Tuning set by scalar masses, e.g.

Direct Tuning/Scalar sector connection in   -SUSY. �

The framework requires large    and moderate  � tan�

� � 1

�2

⇣ mH±

170GeV

⌘2

m2
h ⇠ m2

Z

✓
1� t2

1 + t2

◆2

+ 4�2v2
t2

(1 + t2)2



Less Minimal SUSY (  -SUSY)

Higgs coupling bounds (singlet decoupled): current

�
[Barbieri et al. 2006, Hall et al. 2012, Barbieri et al. 2013]
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Figure 1. Singlet decoupled. Isolines of � (solid) and mH± (dashed). Left: hLHC > h3. Right:
hLHC < h3. The orange region is excluded at 95%C.L. by the experimental data for the signal
strengths of h1 = hLHC. The blue region is unphysical.

• Singlet decoupled:

s2↵ = s2�
2�2v2 �m2

Z �m2
A|mh1

m2
A|mh1

+m2
Z + �2t � 2m2

h1

, (2.10)

m2
h3

= m2
A|mh1

+m2
Z + �2t �m2

h1
, (2.11)

where

m2
A

��
mh1

=
�2v2(�2v2 �m2

Z)s
2
2� �m2

h1
(m2

h1
�m2

Z � �2t )�m2
Z�

2
t c

2
�

m2
hh �m2

h1

. (2.12)

All the equations in this section are valid in a generic NMSSM. Specific versions of it may
limit the range of the physical parameters mh1,2,3 ,mH± and ↵, �, � but cannot a↵ect any of
these equations.

3 Singlet decoupled

From Eqs. (2.10)-(2.12) and (2.6), sincemh1 is known,mh3 ,mH+ and the angle � are functions
of (tan �,�,�t). From our point of view the main motivation for considering the NMSSM
is in the possibility to account for the mass of hLHC with not too big values of the stop
masses. For this reason we take �t = 75 GeV, which can be obtained, e.g., for an average
stop mass of about 700 GeV. In turn, as it will be seen momentarily, the consistency of Eqs.
(2.10)-(2.12) requires not too small values of the coupling �. It turns out in fact that for
any value of �t . 85 GeV, the dependence on �t itself can be neglected, so that mh3 ,mH±

and � are determined by tan � and � only. For the same reason it is legitimate to neglect
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Less Minimal SUSY (  -SUSY)

Higgs coupling bounds (singlet decoupled): LHC-300

�
[Barbieri et al. 2006, Hall et al. 2012, Barbieri et al. 2013]
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Figure 2. Singlet decoupled. Isolines of � (solid) and mH± (dashed). Left: hLHC > h3. Right:
hLHC < h3. The orange region would be excluded at 95%C.L. by the experimental data for the
signal strengths of h1 = hLHC with SM central values and projected errors at the LHC14 as discussed
in the text. The blue region is unphysical.

the one loop corrections to the 11 and 12 entries of the mass matrix, Eq. (2.5), as long as
(µAt)/hm2

t̃
i . 1, which is again motivated by naturalness.

From all this we can represent in Fig. 1 the allowed regions in the plane (tan �,mh3) and
the isolines of � and mH± both for h3 < hLHC(< h3(= S)) and for hLHC < h3(< h3(= S)),
already considered in Ref. [1]. At the same time the knowledge of � in every point of the same
(tan �,mh3) plane fixes the couplings of h3 and hLHC, which allows to draw the currently
excluded regions from the measurements of the signal strengths of hLHC. We do not include
any supersymmetric loop e↵ect other than the ones that give rise to Eq. (2.5). As in Ref. [1],
to make the fit of all the data collected so far from ATLAS, CMS and Tevatron, we adapt
the code provided by the authors of Ref. [26]. Negative searches at LHC of h3 ! ⌧̄ ⌧ may
also exclude a further portion of the parameter space for h3 > hLHC. Note, as anticipated,
that in every case � is bound to be above about 0.6. To go to lower values of � would require
considering �t & 85 GeV, i.e. heavier stops. On the other hand in this singlet-decoupled case
lowering � and raising �t makes the NMSSM close to the minimal supersymmetric Standard
Model (MSSM), to which we shall return.
When drawing the currently excluded regions in Fig. 1, we are not considering the pos-

sible decays of hLHC and/or of h3 into invisible particles, such as dark matter, or into any
undetected final state, because of background, like, e.g., a pair of light pseudo-scalars. The
existence of such decays, however, would not alter in any significant way the excluded regions
from the measurements of the signal strengths of hLHC, which would all be modified by a
common factor (1 + �inv/�vis)�1. This is because the inclusion in the fit of the LHC data of
an invisible branching ratio of hLHC, BRinv, leaves essentially unchanged the allowed range
for � at di↵erent tan � values, provided BRinv . 0.2.
The significant constraint set on Fig. 1 by the current measurements of the signal strengths

of hLHC suggests that an improvement of such measurements, as foreseen in the coming stage
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Beyond Higgs Couplings

Physics modifying couplings also affects other EW obs.
In EFT description: (appropriate if BSM is heavy)

EFT
e.g. Ld=6

Higgs coupling modifications

• dominated by systematics

• no much benefit from larger run-2 rate

High energy EW processes

• larger effects at high energy: 

• possible improvement at run-2
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Beyond Higgs Couplings

Physics modifying couplings also affects other EW obs.
In EFT description: (appropriate if BSM is heavy)

EFT
e.g. Ld=6

Higgs coupling modifications

• dominated by systematics

• no much benefit from larger run-2 rate

High energy EW processes

• larger effects at high energy: 

• possible improvement at run-2

�O/O⇠E2/⇤2

LHC better than LEP on some EWPT par.?

Plus of course measuring operators not 
constrained by LEP

100GeV > 1TeV

few%

1 ‰ LEP
LHC
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.

9
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In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Figure 3: Bounds on the mass of a charge-5/3 state, decaying exclusively to Wt as a function of the single-
production coupling c

R

. The c
R

coupling is assumed to be the only relevant coupling of the resonance with
the SM quarks. The green and blue shaded regions correspond to the ATLAS and CMS bounds respectively.
The dashed gray lines show the contours with �

X

/M
X

= 0.2, 0.3, 0.5.

The second scenario assumes e
s.p.

= 0.5 e
p.p.

in analogy with the 8 TeV ATLAS search. As a
third possibility we consider the case e

s.p.

= e
p.p.

which believe to be realistically achievable by a
dedicated search. The number of expected background event, with the cuts of Ref. [28], is B ' 10
for 300fb�1 of integrated luminosity. By rescaling we easily obtain the background for di↵erent
luminosities and thus we estimate the minimal number of signal events needed for exclusion. We
take S

exc.

= 3
p
B for B > 1 and S

exc.

= 3 if B < 1. This of course relies on the assumption that the
background cross-section will be approximately the same also for the single production dedicated
analyses.

The results are reported in Fig. 4. We see that 20 fb�1 of integrated luminosity could put, in the
absence of a signal, a coupling-independent limit M

X

> 1.2 TeV from QCD pair production. The
limit can reach 2 TeV for sizeable single production coupling strength. The figure also shows, on
the right panel, the projections for 100 fb�1 (i.e. the final luminosity goal of Run-2), for 300 fb�1

and 3000 fb�1.

2.3 A slight refinement

In most cases the Simplest Simplified Model provides an accurate description of the X5/3 phe-
nomenology, however there are corners of the parameter space of explicit models where other
e↵ects should be taken into account. The most relevant one is the presence of a Left-Handed single
production coupling, which leads us to turn Eq. (2.1) into

L5/3 =
g
w

2
c
R

X5/3R /Wt
R

+
g
w

2
c
L

X5/3L /Wt
L

+ h.c. . (2.5)

As explained above, c
L

is structurally suppressed with respect to c
R

, however it can become com-
parable or even larger than the latter in some cases. Below we show how this new parameter can
be taken into account by setting limits in the 3-dimensional parameter space (m

X

, c
R

, c
L

) of this

12

X

t

cR =



Resonances

Plenty of opportunities at run-2

Charge 5/3, including single production

run-1 limits on Top Partners

0.2
0.3

0.5

ATLAS

CMS

700 800 900 1000 1100 1200
0.0

0.5

1.0

1.5

2.0

2.5

MX @GeVD

c R

s = 8 TeV
L d 20 fb-1

Figure 3: Bounds on the mass of a charge-5/3 state, decaying exclusively to Wt as a function of the single-
production coupling c

R

. The c
R

coupling is assumed to be the only relevant coupling of the resonance with
the SM quarks. The green and blue shaded regions correspond to the ATLAS and CMS bounds respectively.
The dashed gray lines show the contours with �

X

/M
X

= 0.2, 0.3, 0.5.

The second scenario assumes e
s.p.

= 0.5 e
p.p.

in analogy with the 8 TeV ATLAS search. As a
third possibility we consider the case e

s.p.

= e
p.p.

which believe to be realistically achievable by a
dedicated search. The number of expected background event, with the cuts of Ref. [28], is B ' 10
for 300fb�1 of integrated luminosity. By rescaling we easily obtain the background for di↵erent
luminosities and thus we estimate the minimal number of signal events needed for exclusion. We
take S

exc.

= 3
p
B for B > 1 and S

exc.

= 3 if B < 1. This of course relies on the assumption that the
background cross-section will be approximately the same also for the single production dedicated
analyses.

The results are reported in Fig. 4. We see that 20 fb�1 of integrated luminosity could put, in the
absence of a signal, a coupling-independent limit M

X

> 1.2 TeV from QCD pair production. The
limit can reach 2 TeV for sizeable single production coupling strength. The figure also shows, on
the right panel, the projections for 100 fb�1 (i.e. the final luminosity goal of Run-2), for 300 fb�1

and 3000 fb�1.

2.3 A slight refinement

In most cases the Simplest Simplified Model provides an accurate description of the X5/3 phe-
nomenology, however there are corners of the parameter space of explicit models where other
e↵ects should be taken into account. The most relevant one is the presence of a Left-Handed single
production coupling, which leads us to turn Eq. (2.1) into

L5/3 =
g
w

2
c
R

X5/3R /Wt
R

+
g
w

2
c
L

X5/3L /Wt
L

+ h.c. . (2.5)

As explained above, c
L

is structurally suppressed with respect to c
R

, however it can become com-
parable or even larger than the latter in some cases. Below we show how this new parameter can
be taken into account by setting limits in the 3-dimensional parameter space (m

X

, c
R

, c
L

) of this

12

0.2

0.3

0.5

1200 1400 1600 1800 2000
0.0

0.2

0.4

0.6

0.8

1.0

MX @GeVD
c R

s = 13 TeV
L = 20 fb-1

es.p.=0.1 ep.p.

es.p.=0.5 ep.p.

es.p.=ep.p.

run-2 sensitivity



Resonances

Plenty of opportunities at run-2

Charge 2/3, including single production

run-1 limits on Top Partners

0.2

0.3

0.5

600 700 800 900 1000 1100 1200
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

MT @GeVD

c LW
b

s = 8 TeV
L = 20 fb-1

cWb
L =

b

X



Resonances

Plenty of opportunities at run-2

run-1 limits on Top Partners

0.2
0.3

0.5

1200 1400 1600 1800 2000
0.0

0.2

0.4

0.6

0.8

MT @GeVD
c LW

b

s =13 TeV
L=100 fb-1

L=20 fb-1

run-2 sensitivity

Charge 2/3, including single production

0.2

0.3

0.5

600 700 800 900 1000 1100 1200
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

MT @GeVD

c LW
b

s = 8 TeV
L = 20 fb-1



Resonances

Plenty of opportunities at run-2
Top Partner searches on a table:

Pair Production

Single + top

Single + bottom

Z/h+ tW + bW + t

eT

X2/3, T, eTeT

eT

X5/3, B X2/3, T

Decay

Pr
od
uc
tio
n X5/3, B
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Dark Matter

In the case of heavy-mediator DM, on which we focus in the present article, this program
can be carried out, at least to some extent. The working hypothesis is that the DM
candidate X interacts with the SM through the exchange of one or more particles, called
“mediators”, whose mass is well above the mass m

DM

of the DM particle. This assumption
is motivated by the present lack of evidence for new particles at the LHC, but it is not
the only possibility. The case in which the mediator is a SM particle, such as a weak or
the Higgs boson, is equally plausible and deserves equal attention. Light and very weakly
coupled mediators can be also conceived.

In the heavy-mediator case, it is relatively easy to set up a model-independent strategy
for DM searches, exploiting the fact that the dynamics of the DM particle can be universally
described, in the appropriate kinematical regime, by a low-energy EFT Lagrangian [7–17],
invariant under the SM gauge group and the Lorentz group 2:

L
EFT

= L
SM

+ L
X

+ L
int

. (1.1)

In the above equation, L
SM

denotes the SM Lagrangian, L
X

is the free Lagrangian for X,
and L

int

contains the operators describing the DM interactions with the SM particles, plus
possible additional interactions in the DM and SM sectors. If we knew the true microscopic
DM theory, these operators could be computed by integrating out the mediators. However,
their form is universal and the lack of information on the mediator dynamics merely prevents
us from computing the value of their coefficients, which are thus free input parameters of
the EFT.

The allowed operators in L
int

can be classified according to their mass dimension d,
for different hypotheses on the DM quantum numbers. In many relevant cases the DM
quantum numbers forbid renormalizable interactions with d  4, and the lowest-dimensional
operators have d = 5, 6. For the physics to be considered in this paper, we can assume that
the d = 5 operators are negligible and the leading operators have d = 6:

L
int

=
1

M2
⇤

X

i

c
i

O
i

, (1.2)

where the sum runs over all d = 6 operators O
i

allowed by the symmetries, c
i

are di-
mensionless coefficients and the overall effective coupling strength is parameterized by a
dimensionful coupling 1/M2

⇤ .
While the EFT can be formally defined independently of any consideration about its

microscopic origin, its range of applicability and thus its physical relevance depend on the
underlying theory. Namely, the EFT provides an accurate description of the underlying
model only for elementary scattering processes taking place at a low enough centre-of-mass
energy E

cm

, below a certain critical scale M
cut

usually called the EFT cutoff. This cutoff is
determined by the mass of the mediators in the microscopic theory (and, to a lesser extent,
by their width), but it is unknown from the viewpoint of the EFT and it should thus be
treated as a free parameter, on the same footing as those introduced above.

2At energies as low as those relevant for direct detection experiments, it may even be convenient to switch
to a non-relativistic EFT [18–21], but for obvious reasons this approach precludes a direct comparison with
collider searches and will not be pursued here.
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Model-independent description, by EFT:
IF DM/SM coupling from high scale: MMed � mDM

The EFT has three parameters (little paradigm shift)
1) Dark Matter mass

3) EFT cutoff          (indep. of      )Mcut

mDM

M⇤

Huge variety of models encapsulated in these parameters

2) Effective coupling strength M⇤

DM could be anything. Mod.-indep. is mandatory
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the recent literature, the goal of the present article is to illustrate a simple and practical
solution.

The basic observation is that the processes for DM production at colliders can be split
into two kinematically distinct classes, characterised by a centre-of-mass energy below and
above M

cut

, respectively. The former class defines our theoretical signal, and its rate is
accurately predicted by the EFT. The latter would instead require the knowledge of the
microscopic theory and its contribution to the cross-section is thus unpredictable within
the EFT. Under certain conditions, to be described below, the second class can be simply
ignored and an experimental limit can be set on the signal defined, as explained above, by
the DM production reaction restricted to E

cm

< M
cut

. This is possible if the experimental
search is performed as a counting experiment in one or several signal regions, defined by
a certain set of cuts on the visible final state particles. The low and high E

cm

processes
both contribute to each signal region, but in a purely additive way, since low and high E

cm

regions are quantum-mechanically distinguishable and do not interfere. Therefore a lower
bound on the expected cross-section is obtained by considering only the “well-predicted”
signal events, namely those restricted to the E

cm

< M
cut

region. If the result of the search
is negative, an exclusion upper bound �

exc

is set on the cross-section, which we can interpret
through the inequality

�S

EFT

���
Ecm<Mcut

 �S

true

< �
exc

, (1.4)

where �S

true

denotes the “true” signal as it would be computed in the unknown microscopic
theory. Regardless of what the latter theory is, the restricted EFT signal �S

EFT

system-
atically underestimates the cross-section and thus provides a conservative, but correct,
exclusion limit.

The rest of the paper is organised as follows. In section 2 we illustrate our limit-setting
strategy in the explicit example of a four-fermion operator obtained as the product of axial
currents involving the SM quarks and a SM-singlet Majorana fermion DM. This choice is
merely illustrative, the same method can be applied to all other operators. However, it
is also motivated by the fact that direct and indirect detection experiments have a poor
sensitivity to this operator and the collider searches are expected to be the most sensitive
ones. We quantify the reach of current collider searches by recasting the ATLAS mono-jet
results and show how the latter can be presented in a theoretically useful way. In section 3
we describe another important feature of our strategy, namely the fact that the limits set on
the EFT can be straightforwardly re-interpreted as constraints on any specific microscopic
model. This is because the EFT parameters can be computed in the underlying microscopic
theory and expressed in terms of the “fundamental” parameters of the latter. We consider
two representative models, Model A and Model B, which both give rise to the same axial-
axial effective operator, and compare the limits derived from the EFT with those obtainable
from a dedicated interpretation of the mono-jet search within the two models. Since our
signal cross-section systematically underestimates the one of the microscopic theory, we
obtain conservative limits. We find that these limits differ significantly from those obtained
in the full models only in the kinematical region where the mediators can be resonantly
produced. In such a case, however, different experimental strategies than those used for

– 4 –

Solution: (obvious if         is par.) restricting signal to the 
predictable region sets lower bound on the “true” signal

compared with exclusion upper bound, we get a mod. 
indep. limit that holds for any mediator model

EFT

UV1
Debated problem: LHC can carry us above the cutoff.

UV2

Ecm

A/E2
cm

Mcut

Mcut

[De Simone et al., 2014 ; AW et al., 2015]
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Solution: (obvious if         is par.) restricting signal to the 
predictable region sets lower bound on the “true” signal

EFT

UV1
Debated problem: LHC can carry us above the cutoff.

UV2

Ecm

A/E2
cm

Mcut

Alternative solution: (obvious if not understanding EFT’s) 
give up (trend of recent analyses, exception is ATLAS mono-photon)

Mcut

[De Simone et al., 2014 ; AW et al., 2015]
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SR4 (hardest) SR1 (softest)

Presenting limit in 3-d parameter space:

ATLAS mono-j recast

Plot outlines the need of a better exploration of soft region

[De Simone et al., 2014 ; AW et al., 2015]
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A smarter plot:                         , mediator sector coupling g⇤ ⌘ Mcut/M⇤

“WI”MP hypothesis far from fully tested 

[De Simone et al., 2014 ; AW et al., 2015]
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A smarter plot:                         , mediator sector coupling 

Only a bit better at run-2. Unavoidable because � / 1/M4
⇤

PR
EL

IMI
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RY

g⇤ ⌘ Mcut/M⇤

[De Simone et al., 2014 ; AW et al., 2015]
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EFT limits get weak (not inconsistent!) at low Mcut

But                      : produce on-shell mediators at lowMcut ' Mmed Mcut

DM search turns into mediator search in this regime
More difficult to maintain sufficient degree of mod.-indep.
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“it’s the ideal benchmark …”

Theorist Experimentalist

Too specific, often conventional 
benchmark models produce:


• extremely partial exploration of 
the theoretical possibilities

• exclusions which are impossible 

to reuse in any other model

• no result in case of discovery.   

Since the benchmark has no 
chance to be true

Mediator searches, how not to proceed: by benchmarks
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Figure 7: Left: 95% CL exclusion contours in the m�–mA parameter plane. The solid (dashed) curve shows the
median of the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the observed
limit and ±1� range of the expected limit in the absence of a signal. The red curve corresponds to the expected
relic density. The region excluded due to perturbativity, defined by m� >

p
⇡/2 mA, is indicated by the hatched

area. Right: A comparison of the inferred limits to the constraints from direct detection experiments on the spin-
dependent WIMP–proton scattering cross section in the context of the Z0-like simplified model with axial-vector
couplings. Unlike in the m�–mA parameter plane, the limits are shown at 90% CL. The results from this analysis,
excluding the region to the left of the contour, are compared with limits from the XENON100 [96], LUX [97],
and PICO [98, 99] experiments. The comparison is model-dependent and solely valid in the context of this model,
assuming minimal mediator width and the coupling values gq = 1/4 and g� = 1.

9 Conclusions

In summary, results are reported from a search for new phenomena in events with an energetic jet and
large missing transverse momentum in proton–proton collisions at

p
s = 13 TeV at the LHC, based on

data corresponding to an integrated luminosity of 3.2 fb�1 collected by the ATLAS experiment in 2015.
The measurements are in agreement with the SM predictions.

The results are translated into model-independent 95% confidence-level upper limits on � ⇥ A ⇥ ✏ in the
range 553–19 fb, depending on the selection criteria considered. The results are presented in terms of
lower limits on the fundamental Planck scale, MD, versus the number of extra spatial dimensions in the
ADD LED model. Values of MD below 6.58 TeV at n = 2 and below 4.31 TeV at n = 6 are excluded
at 95% CL. Similarly, the results are interpreted in terms of the search for squark pair production in a
compressed supersymmetric scenario. In the case of stop and sbottom pair production with t̃1 ! c + �̃0

1
and b̃1 ! b + �̃0

1, respectively, squark masses below 323 GeV are excluded at 95% CL. In the case of
squark pair production with q̃ ! q + �̃0

1 (q = u, d, c, s) squark masses below 608 GeV are excluded.
Altogether, these results extend the exclusion from previous analyses at the LHC.

Finally, the results are interpreted in terms of upper limits on the pair-production cross section of WIMPs.
A simplified model is used with an axial-vector mediator, given couplings to fermions g� = 1 and
gq = 1/4, and considering Dirac fermions as dark matter candidates. Mediator masses below 1 TeV
are excluded at 95% CL for WIMP masses below 250 GeV. These results are translated, in a model-
dependent manner, into upper limits on spin-dependent contributions to the WIMP–nucleon elastic cross
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“it’s the ideal benchmark …”

Theorist Experimentalist Is really this plot …

Mediator searches, how not to proceed: by benchmarks

… the best one to report 
limits on a Z’>invisible??
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Can be real:

ATLAS/CMS@run-2/1 compatible if gg or bb production [Gof>10%]

Not in tension with other channels if weakly coupled to leptons           
RS graviton is (almost) the only excluded case …

IF it is real: ToDo List

1) characterise its properties:


 Spin from     distribution 

 Production mode from   distribution

 Conclusive result on CP from QCD collinear radiation


2) see it in other channels [    seems good candidate]

3) Find all the rest: cannot be alone!

If real, diphoton = revolution in particle physics!
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 Spin from              distribution 

 Production mode from         distribution (+ searching for soft b’s)

 Conclusive result on CP from QCD collinear radiation


2) see it in other channels [      seems good candidate]

3) Find all the rest: cannot be alone!

If real, diphoton = revolution in particle physics!
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If only SM particles in the loop, we would have 
seen it in other channels.
A new sector of BSM particles is responsible for 
its decay!
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Conclusions

1) Moderate progress on Higgs couplings. Better if enlarging the scope to 
high-energy EW processes? [in any case, not for early run-2]


2) Fast progresses on resonance searches. 


3) Dark Matter: figure of merit (i.e., interpretation plane) not clear enough to 
assess run-2 progresses.


4) Diphoton:                                                                                                
The mere fact that it can be true illustrates how little we know about 
the TeV scale.                                                                                                
Its potentially revolutionary nature shows capital run-2 importance



Muon collider

Good for direct exploration?

100GeV > 1TeV

few%

1 ‰ LEP
LHC

Good for indirect exploration?

mu?


