
The case for WINP   
and the case for new ideas 

Why we need Dark Matter Theory?

Mihoko Nojiri  
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 dark matter 
Is the guaranteed  “new physics”.    

The study of dark matter  require  “layers of thoughts” involving 
Particle Theory , Experiments ( Collider, Dark matter search, cosmic 
rays) and Cosmology (Thermal History of Universe, structure formation)   

very good example  to illustrate this is supersymmetry :                                                                         
Dark matter:  neutralino (spin 1/2, Majorana )   

 LHC success on excluding lighter SUSY particles  → people start to 
wander if/how/…   

More Models,  EFT  and Simplified Model (in such short time)  

Why we should look for dark matter 



Why BSM(standard) 
We are living in meta stable vacuum, and  
the mass parameter has quadratic divergence  

The way to cure  

SUSY pro: potential is positive, and 
gauge coupling unifies.   

 SUSY con: the superpartners might 
be heavy(  Aug.4 BSM) getting back 
mild fine tuning  

Dynamical or Extra dimension: Technicolor 
→ Little Higgs, Minimal Composite Higgs 
model.  Higgs boson is pNGB. New scale 
around 10TeV.   Dark matter is spin 1 or 0 



Higher-order SUSY Higgs, Georg Weiglein, SUSY 2016, Melbourne, 07 / 2016

Numerical impact of new contributions
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[H. Bahl et al. ’16]
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Main contribution from electroweak contributions to the running top mass⇒

Where is SUSY scale 

from SUSY contribution to Higgs mass

How light it can be? 

How far we can reach?

4 August 2016 K. Rosbach: third genera�on squarks with ATLAS@13 TeV 7

Direct stop (All-hadronic Final State)
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 Main backgrounds: Z+jets, t (+W/Z), normalised on data.tt

 Extended run 1 limits: m( )>820 GeV for m( )<220 GeVtt χχ⁰

ATLAS-CONF-2016-077
ATLAS-CONF-2016-077

ATLAS-
CONF-2016-077

Szydagiz LUX and LZ projection 

14

FIG. 8: Expected exclusion limit with background and signal errors fixed to ("sys,bkg, "sys,sig) =
(20%, 50%) [left]. Expected exclusion limit with ("sys,bkg, "sys,sig) = (50%, 20%) [right].

background systematic uncertainty is increased to 50%, discovery becomes impossible with

3000 fb�1; only 3� evidence is possible in the bulk of the parameter space. A larger

background systematic uncertainty implies that it is harder to reject the background

hypothesis, so a precise understanding of the backgrounds will be crucial for discovery.
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FIG. 9: Discovery potential with background and signal errors fixed to ("sys,bkg, "sys,sig) =
(20%, 50%) [left]. Discovery potential with systematics ("sys,bkg, "sys,sig) = (50%, 20%) [right].
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LZ’s Reach 
|  Turning on by 2020 with 

1,000 initial live-days plan 

|  10 tons total, 7 tons active, 
~5.6 ton fiducial mass 
{  Due to unique triple veto 

|  GOALS: < 3 x 10-48 cm2, at 
40 GeV. Clip ν shoulder 

6 keVnr threshold with 
at least 99.5% 
discrimination 
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(latest) 

Many Higgs-mediated models killed 

*plot and models from LZ’s Conceptual Design Report, arXiv:1509.02910 

light stop is still 
allowed  

for degenerate case 

different decay assumption 
 may change limit  

(like  Stealth SUSY) 
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Figure 2. Reach of monojet searches.

The results are shown in Fig. 2. The 95 % CL reach of Lhc-14 with
L = 3 ab�1 is at the level of M� ⇠ 350 or 150 GeV, depending on the
choice of systematic uncertainty of the background (as previously discussed,
we fix either 1% or 5%). We find that a 100 TeV collider can improve the
reach of a factor 3-4 with respect to Lhc-14. Systematic uncertainties play an
important role in the determination of the sensitivity, especially at a 100 TeV
collider. In particular raising the luminosity to L = 30 ab�1 would produce
only a modest improvement of the sensitivity, for a systematic uncertainty
of ↵ = 5%. However, it is not implausible that for such a high luminosity a
better control of systematic uncertainties will be achieved.
Our findings are in good agreement with those of Ref. [56], where the monojet
reach has been quantified for 14 and 100 TeV pp colliders with L = 3 ab�1.

3.3.2 Monophoton

Monophoton searches at the Lhc have been performed by the Atlas and
Cms collaborations [53, 54]. These analyses require a high pT photon in ad-
dition to large 6ET . Quality criteria and isolation requirements are imposed
to the photon candidate.

The largest background comes from �Z(⌫̄⌫) processes. Additional back-
grounds include �W (`⌫), W (`⌫), �+jets, multijet, �Z(``) and diphoton. Sig-
nal processes are for instance those shown in Fig. 3. Notice that a photon
can also be radiated from the final state, as opposite to the cases where the
hard SM radiation on which one tags is constituted of jets, and also to other
DM candidates where charged states do not contribute to the signal.
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How far we can reach
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SUSY Breaking 
High Low StringGUT

with axion? 
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Dark matter in the thermal bath.  
In thermal bath of early Universe Z2 odd particles may couple each other: 
coannihilation affect DM density.  

If the “Z2 odd group” is coupled to SM sector  at the time of decoupling,   DM 
density is smaller →Whole New Physics spectrum is relevant.  

QCD NLO correction( Aug 5 Herrman), Sommerfert re-
sumation(Johnston).  

Upper limit of dark matter mass :degenerate colored partner+ Sommerfert etc, 
DM mass could be as large as  8TeV. (1510.03498 See 8/6 Shepherd for 
unitarity argument. )  

g

g 
Sommerfeld  

enhancement 

coannihilation 
X

X

γ

γ

F



 dark matter annihilation in current Universe

Thanks to Shigeki Matsumoto for figure

After thermal decoupling , dark matter  also annihilating, affecting 
BBN, CMB, and leaving gamma ray signal  

dSph  constraints will improve future  (8/5   DM-Astro session) 

possibly hundreds by LSST [185, 186], however many of these dSphs would be more distant and have
correspondingly smaller J factors. Even so, LSST is still likely to contribute many dSphs with J factors
above 1019 GeV�2 cm�5, and is also likely to contribute at least some dSphs with larger J factors than any
discovered by DES [187].

In practice, the distribution of J factors for the DES dSphs has been similar to previously discovered
dSphs, in spite of the greater depth of the DES survey. This could reflect that the dwarf galaxy luminosity
function continues below the faintest objects discovered by SDSS, or it could simply be that the DES survey
region has an excess of dSphs, because of the influence of the nearby Magellanic clouds.

We will take 60 total dSphs as a conservative estimate of the total number of dSphs that can be used
as targets for LAT searches, i.e., having J factors that are large enough and well determined enough to
contribute the sensitivity of a joint analysis.

As an all-sky monitor, the LAT has already, and will continue to, observe the new targets for the duration
of its lifetime. All that is required to incorporate them into a joint analysis are locations and J factors and
their uncertainties. To project the increased sensitivity that will result, we simulated 200 realizations of our
entire search using the “ROI-specific photon simulations” and “Binned model map simulations” described
in App. D but duplicated our target set3 up to three times to reach 60 in total. The e↵ect of additional
targets on the search sensitivity is illustrated in Fig. 15.
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Figure 15: Projected upper limits on the WIMP annihilation cross section from the joint analysis of dSphs as a function of
the size of the dSph sample on the assumption of 6- (left) and 15-year (right) data sets with P8R2 SOURCE data. The solid
black curve shows the observed limit from the analysis of 15 known dSphs with 6 years of P8R2 SOURCE data [5]. Projections
correspond to the median expected limit for the given number of dSphs and observation period from 200 simulated realizations
of the entire search (see text for details).

We also examined how the expected sensitivity scales with time for di↵erent masses and annihilation
channels. Fig. 16 shows the mean of the ratio of expected limits for all of the simulated dSphs. Because
of the softer spectrum in the bb̄ channel, the improvement in that channel is close to the expectation for
a background-limited search (i.e., it scales as

p

t) for low masses, improves with increasing mass, but does
not reach the linear scaling we would expect for a purely signal limited search. On the other hand, in the
harder ⌧+⌧� channel, the scaling behavior transitions from the background limited to signal limited cases
around 100 GeV.

The slope of the projected upper limit curve near 100 GeV is close to one (⇠ 1.1 to 1.2 ) cm3 s�1/ GeV.
The mass for which the thermal relic cross section will be excluded scales as the inverse of the slope times
the improvement on the limits on h�vi. This results in considerable extension of the mass range with limits
at or below the thermal relic cross section with additional data, up to > 400 GeV (> 200 GeV) in the bb̄
(⌧+⌧�) channel with 60 dSphs and 15 years of data, see Fig.17.

3The targets were placed at random locations and with J factors (and J factor uncertainties) sampled from the posterior
distribution.
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Looking Forward

• The LAT continues to survey the  
entire gamma-ray sky 
• Expect sensitivity to thermal relic 

DM with a mass up to 400 GeV 
• Dwarfs will provide a sensitive test 

of DM interpretations of the 
Galactic Center excess

Charles et al. [1605.02016]

• A large spectroscopic campaign is 
underway to classify and characterize 
newly discovered systems 

• Future sky coverage: 
• DES Y3+: a few hundred deg2, 

better data reduction, greater 
sensitivity 

• Additional DECam observations 
outside of DES (e.g., MagLiteS) 

• LSST: 20,000 deg2  
(and much greater sensitivity)

Drlica-Wagner Aug 5th 

for the case of wino  Sommerfeld enhancement  
induce huge  enhancement 8/5 Johnson for additional bound state  
contribution for monochromatic γ  

systematics on J-factor 

wino 



 
Extra dimension:  hidden sector,   Higgs vev, 
weak scale parameter and yukawa have 
geometric meaning.  

Decomposition → Little Higgs models 　
[SU(2)xU(1)]x[SU(2)xU(1)]→ SU(2)L  X U(1)Y 

Tension to the EW precision  ->  T parity & 
Spin 1 dark matter.  

Tension to the symmetry->   fermion top partner.  

Higgs boson as Pseudo NG boson.  

Minimal Composite Higgs model (valiant of extra dim in AdS-
CFT) Higgs boson as pseudo NG boson  (SO(5)→SO(4) ):    

Want Dark matter?  ex extend ex O(6)→ O(5)   

 5→4(Higgs) + 1(scalar Z2 odd) 

Extra-dim and Composite Models   

The far side

we live  
this end tiny  

connection 



SIMPs(strong interacting massive particle )
 dark matter is strongly interacting under the other SU(N) gauge 
interactions.  

DM may be pion/Baryon/gluball of the new strong interactions 
or  couple to new scalar by large Yukawa coupling    

merit:   Small scale structure  of our galaxy.   

The  small interaction with  SM 
sector may be easily accommodate 
by dark photon setup (U(1) kinetic 
mixing) or  extended Higgs sector 
(singlet Higgs there mix with H ) 

Stealth DM Polarizability

Direct detection signal is below the neutrino coherent scattering background for M#≳700GeV
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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FIG. 2. The DM spin-independent scattering cross section per nu-
cleon evaluated for xenon is shown as the purple band obtained
from the SU(4) polarizability, where the width of the band cor-
responds to 1/3 < MA
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would have form factor suppression. This implies the stan-
dard missing energy signals that arise from DM production
and escape from the detector are rare.

Finally, there are many avenues for further investiga-
tion of stealth dark matter, detailed in [23]. One vital is-
sue is to better estimate the abundance. In the DM mass
regime where stealth DM is detectable at direct detection
experiments, the abundance of stealth dark matter can arise
naturally from an asymmetric production mechanism [23]
that was considered long ago [7–9] and more recently re-
viewed in [40]. If there is indeed an asymmetric abundance
of bosonic dark matter, there are additional astrophysical
consequences [41–43] that warrant further investigation to
constrain or probe stealth DM.
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The size of interaction should be  
calculated by lattice  



dark photon 
U(1) gauge boson is relatively easy going object  “gauge invariant F’μν“ 

sequestering  U(1)D  dark sector from SM  sector, 

 Interaction with SM may arises  from kinetic mixing  FμνF’μν  

Dark matter couple to U(1)D can have very small coupling, and also Very 
light U(1)D  a’→ 3γ　has very long lifetime. Both can be dark matter.    

Variety  of search program from Meson decays   and theoretical study 

(8/4 Jia Liu  dark matter production -> a’ production -> lepton jet ) 
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From Christopher Hearty, University of British Columbia/IPP
Belle II Theory Interface Platform meeting 2014
Belle II limits scaled from BABAR

e
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-→γ A '→γe
+
e

-
,γμ+μ-

, prompt e
+
e

-→γ A '→γ χ χ

Dark photon, decays to SM particles and dark matter: expected limits Dark photon, decays to SM particles and dark matter: expected limits 
at Belle II compared to other experimentsat Belle II compared to other experiments

Projection from BABAR results to Belle 2 luminosity assuming same 
trigger/detector/reconstruction efficiencies

   ICHEP 2016            Chicago, 04/08/2016                 Gianluca Inguglia (DESY)
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Effective theory  for  DM study at LHC 

Dark matter scattering depends on the low energy higher 
dimensional operators  

Question: can we compare the  sensitivity of the Dark 
Matter search to LHC direct production  

add the effective operator to the Lagrangian and see the 
effect (Goodman et al 2010)  

 the effect of the same operator.  

Caution needed on gauge, chirality violation of Effective 
theory  

Simplified model ( full lagrangian) 
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

!

uγµu+ ξ dγµd
"

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

!

uγµγ5u+ ξ dγµγ5d
"

. (2)
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The correlation between the invisible Higgs branching ratio (Binv
h ) vs. dark matter (DM) direct

detection (σSI
p ) in Higgs portal DM models is usually presented in the effective field theory (EFT)

framework. This is fine for singlet scalar DM, but not in the singlet fermion DM (SFDM) or vector
DM (VDM) models. In this paper, we derive the explicit expressions for this correlation within
UV completions of SFDM and VDM models with Higgs portals, and discuss the limitation of the
EFT approach. We show that there are at least two additional hidden parameter in σSI

p in the UV
completions: the singlet-like scalar mass m2 and its mixing angle α with the SM Higgs boson (h). In
particular, if the singlet-like scalar is lighter than the SM Higgs boson (m2 < mh cosα/

√

1 + cos2 α),
the collider bound becomes weaker than the one based on EFT.

INTRODUCTION

As more data on the 126 GeV Higgs boson H are accu-
mulated at the LHC, its invisible Higgs branching frac-
tion Binv

h is getting bounded from above. This bound
can give some useful constraint on the Higgs coupling to
the DM particle in some concrete DM models. In fact
such attempts for Higgs portal DM models were made
recently by both ATLAS and CMS Collaborations [1, 2].

Both Collaborations announced that their measurements
of the upper bounds on the Binv

h can be translated into
the upper bounds on σp (spin-independent cross section
of DM particle on nucleon) in the Higgs portal DM mod-
els, which are much stronger than those obtained from
DM direct detection experiments in the low DM mass
region (i.e., mDM ! 10 GeV). These analyses are based
on the following model Lagrangians [3–6]:

LSSDM =
1

2
∂µS∂

µS −
1

2
m2

SS
2 −

λS
4!

S4 −
λHS

2
S2H†H (1)

LSFDM = ψ(i∂ −mψ)ψ −
λψH
Λ

ψψH†H (2)

LVDM = −
1

4
VµνV

µν +
1

2
m2

V VµV
µ −

λV H

2
VµV

µH†H −
λV
4

(VµV
µ)2 (3)

In all three cases, the DM phenomenology can be done
with two parameters only, namely the DM mass and the
DM coupling to the Higgs field. The latter parameter is
strongly constrained by the upper bound on the invisible
Higgs decay, and can be translated into the upper bound
on the spin-independent cross section of DM on nucleon.
This simple strategy has been adopted numerously.

The SSDM Lagrangian (1) is renormalizable, and the
results based on it would be reliable [26]. We refer to
the comprehensive analyses on this model to the existing
literature [7] without touching it in the following. On the
other hand, the other two cases for SFDM and VDM have
to be considered in better frameworks. Since we don’t
know the new physics scales related with DM, we cannot
know a priori how good the EFT approach would be.
Also the mass for the VDM is given by hand, so that both
Lagrangians for SFDM and VDM are not renormalizable
and violate unitarity at some scale. In such cases, it

is safer to consider simple UV completions of these two
cases.

In this letter, we point out that the claim by ATLAS
and CMS based on the EFT is erroneous for SFDM and
VDM cases, by working in renormalizable and unitary
Higgs portal DM models proposed by the present au-
thors [8, 9, 18]. In these two cases, there appears an ad-
ditional SM singlet scalar, either from the renormalizable
Yukawa couplings of the SFDM or from the remnant of
dark Higgs mechanism for generating the VDM mass. In
each case, we derive the expressions for the Binv

h and σSI
p ,

and show that there are hidden variables in σSI
p , namely

the mass of the 2nd scalar boson which is mostly singlet-
like, and the mixing angle α between the SM Higgs and
the singlet scalar boson. If kinematically allowed, the
heavier scalar boson can decay into a pair of lighter scalar
bosons, so we have to consider the branching ratio for the
nonstandard Higgs decays, Bh(mh = 125)nonSM . Then

2.  EFT without origin of symmetry breaking specified 

4

LVDM = −
1

4
VµνV

µν +DµΦ
†DµΦ− λΦ

!

Φ†Φ−
v2Φ
2

"2

− λΦH

!

Φ†Φ−
v2Φ
2

"!

H†H −
v2H
2

"

(21)

where Φ is the dark Higgs field which generates nonzero
mass for the VDM through spontaneous U(1)X breaking,
and

DµΦ ≡ (∂µ + igXQΦVµ)Φ

After U(1)X breaking, we shift the field ΦX as follows:

Φ →
1√
2
(vΦ + φ(x))

where the field φ(x) is a SM singlet scalar similarly to
the singlet scalar in the SFDM case. Again there are two
scalar bosons which are mixtures of h and φ.
The invisible and non-SM branching fractions of the

Higgs decay are of the same forms as Eqs. (5) and (6),
but with

Γinv
i =

g2X
32π

m3
i

m2
V

!

1−
4m2

V

m2
i

+ 12
m4

V

m4
i

"!

1−
4m2

V

m2
i

"1/2

(22)
where mV is the mass of VDM, and Γjj

i with µ′
P = 0.

The spin-indenpendent cross section of VDM to proton is
also same as the one of Eq. (7) with λψ and mψ replaced
to gX and mV , respectively.
Again, let us compare these results with those in the

EFT:
#

Binv
h

$

EFT
is of the same form as Eq. (15) with

(Γinv
h )EFT =

λ2V H

128π

v2Hm3
h

m4
V

×

!

1−
4m2

V

m2
h

+ 12
m4

V

m4
h

"!

1−
4m2

V

m2
h

"1/2

(23)

and the VDM-nucleon scattering cross section is

(σSI
p )EFT =

m2
r

π

%

λV H mp

2mV m2
h

&2

f2
p (24)

In the renormalizable model of Eq. (21), the LHC bound
on Binv

h can be translated directly to a constraint on σSI
p

by the relation,

σSI
p = c4αm

4
hF(mV , {mi}, v)

×
Binv

h ΓSM
h

#

1−Binv
h

$

32m2
rm

2
V (mp/vH)2 f2

p

m7
hβV

'

1− 4m2

V

m2

h

+ 12
m4

V

m4

h

( (25)

where βV =
)

1− 4m2
V /m

2
h. On the other hand, in the

EFT of Eq. (3) one finds

#

σSI
p

$

EFT
=

Binv
h ΓSM

h

1−Binv
h

32m2
rm

2
V (mp/vH)2 f2

p

m7
hβV

'

1− 4m2

V

m2

h

+ 12
m4

V

m4

h

( (26)
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FIG. 2: σSI
p as a function of the mass of dark matter for SVDM

for a mixing angle α = 0.2. Same color and line scheme as
Fig. 1.

used in the analysis’s of ATLAS [1] and CMS [2]. Note
again that σSI

p of Eq. (25) has additional factors involving

(α, m2), compared to
#

σSI
p

$

EFT
of Eq. (26). Therefore,

similarly to the case of SFDM, one cannot make model-
independent connections between Binv

h and σSI
p in the

Higgs portal VDM model. Fig. 2, where σSI
p of Eq. (25)

and (σSI
p )EFT of Eq. (26) in VDM scenario are depicted

for comparison, shows clearly this discrepancy caused by
the different dependence on α and m2.

IMPLICATIONS FOR DM SEARCH AND

COLLIDER EXPERIMENTS

From our arguments based on the renormalizable and
unitary model Lagrangians, it is clear that one has to
seek for the singlet-like second scalar boson H2. It could
be either lighter or heavier than the observed Higgs bo-
son. Since the observed 125 GeV Higgs boson has a sig-

Collider Implications
mh = 125GeV, Br(H ! inv) < 0.51 at 90% CL

[arXiv:1404.1344]

mh = 125.5GeV, Br(H ! inv) < 0.52 at 90% CL

[arXiv:1402.3244]

Based on EFTs

Interpretation of LHC 
constraint is very 

sensitive to the UV 
completion 

Ko Aug 5th
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.
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Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

!

uγµu+ ξ dγµd
"

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

!

uγµγ5u+ ξ dγµγ5d
"

. (2)
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The correlation between the invisible Higgs branching ratio (Binv
h ) vs. dark matter (DM) direct

detection (σSI
p ) in Higgs portal DM models is usually presented in the effective field theory (EFT)

framework. This is fine for singlet scalar DM, but not in the singlet fermion DM (SFDM) or vector
DM (VDM) models. In this paper, we derive the explicit expressions for this correlation within
UV completions of SFDM and VDM models with Higgs portals, and discuss the limitation of the
EFT approach. We show that there are at least two additional hidden parameter in σSI

p in the UV
completions: the singlet-like scalar mass m2 and its mixing angle α with the SM Higgs boson (h). In
particular, if the singlet-like scalar is lighter than the SM Higgs boson (m2 < mh cosα/

√

1 + cos2 α),
the collider bound becomes weaker than the one based on EFT.

INTRODUCTION

As more data on the 126 GeV Higgs boson H are accu-
mulated at the LHC, its invisible Higgs branching frac-
tion Binv

h is getting bounded from above. This bound
can give some useful constraint on the Higgs coupling to
the DM particle in some concrete DM models. In fact
such attempts for Higgs portal DM models were made
recently by both ATLAS and CMS Collaborations [1, 2].

Both Collaborations announced that their measurements
of the upper bounds on the Binv

h can be translated into
the upper bounds on σp (spin-independent cross section
of DM particle on nucleon) in the Higgs portal DM mod-
els, which are much stronger than those obtained from
DM direct detection experiments in the low DM mass
region (i.e., mDM ! 10 GeV). These analyses are based
on the following model Lagrangians [3–6]:

LSSDM =
1

2
∂µS∂

µS −
1

2
m2

SS
2 −

λS
4!

S4 −
λHS

2
S2H†H (1)

LSFDM = ψ(i∂ −mψ)ψ −
λψH
Λ

ψψH†H (2)

LVDM = −
1

4
VµνV

µν +
1

2
m2

V VµV
µ −

λV H

2
VµV

µH†H −
λV
4

(VµV
µ)2 (3)

In all three cases, the DM phenomenology can be done
with two parameters only, namely the DM mass and the
DM coupling to the Higgs field. The latter parameter is
strongly constrained by the upper bound on the invisible
Higgs decay, and can be translated into the upper bound
on the spin-independent cross section of DM on nucleon.
This simple strategy has been adopted numerously.

The SSDM Lagrangian (1) is renormalizable, and the
results based on it would be reliable [26]. We refer to
the comprehensive analyses on this model to the existing
literature [7] without touching it in the following. On the
other hand, the other two cases for SFDM and VDM have
to be considered in better frameworks. Since we don’t
know the new physics scales related with DM, we cannot
know a priori how good the EFT approach would be.
Also the mass for the VDM is given by hand, so that both
Lagrangians for SFDM and VDM are not renormalizable
and violate unitarity at some scale. In such cases, it

is safer to consider simple UV completions of these two
cases.

In this letter, we point out that the claim by ATLAS
and CMS based on the EFT is erroneous for SFDM and
VDM cases, by working in renormalizable and unitary
Higgs portal DM models proposed by the present au-
thors [8, 9, 18]. In these two cases, there appears an ad-
ditional SM singlet scalar, either from the renormalizable
Yukawa couplings of the SFDM or from the remnant of
dark Higgs mechanism for generating the VDM mass. In
each case, we derive the expressions for the Binv

h and σSI
p ,

and show that there are hidden variables in σSI
p , namely

the mass of the 2nd scalar boson which is mostly singlet-
like, and the mixing angle α between the SM Higgs and
the singlet scalar boson. If kinematically allowed, the
heavier scalar boson can decay into a pair of lighter scalar
bosons, so we have to consider the branching ratio for the
nonstandard Higgs decays, Bh(mh = 125)nonSM . Then

2.  EFT without origin of symmetry breaking specified 

4

LVDM = −
1

4
VµνV

µν +DµΦ
†DµΦ− λΦ

!

Φ†Φ−
v2Φ
2

"2

− λΦH

!

Φ†Φ−
v2Φ
2

"!

H†H −
v2H
2

"

(21)

where Φ is the dark Higgs field which generates nonzero
mass for the VDM through spontaneous U(1)X breaking,
and

DµΦ ≡ (∂µ + igXQΦVµ)Φ

After U(1)X breaking, we shift the field ΦX as follows:

Φ →
1√
2
(vΦ + φ(x))

where the field φ(x) is a SM singlet scalar similarly to
the singlet scalar in the SFDM case. Again there are two
scalar bosons which are mixtures of h and φ.
The invisible and non-SM branching fractions of the

Higgs decay are of the same forms as Eqs. (5) and (6),
but with

Γinv
i =

g2X
32π

m3
i

m2
V

!

1−
4m2

V

m2
i

+ 12
m4

V

m4
i

"!

1−
4m2

V

m2
i

"1/2

(22)
where mV is the mass of VDM, and Γjj

i with µ′
P = 0.

The spin-indenpendent cross section of VDM to proton is
also same as the one of Eq. (7) with λψ and mψ replaced
to gX and mV , respectively.
Again, let us compare these results with those in the

EFT:
#

Binv
h

$

EFT
is of the same form as Eq. (15) with

(Γinv
h )EFT =

λ2V H

128π

v2Hm3
h

m4
V

×

!

1−
4m2

V

m2
h

+ 12
m4

V

m4
h

"!

1−
4m2

V

m2
h

"1/2

(23)

and the VDM-nucleon scattering cross section is

(σSI
p )EFT =

m2
r

π

%

λV H mp

2mV m2
h

&2

f2
p (24)

In the renormalizable model of Eq. (21), the LHC bound
on Binv

h can be translated directly to a constraint on σSI
p

by the relation,

σSI
p = c4αm

4
hF(mV , {mi}, v)

×
Binv

h ΓSM
h

#

1−Binv
h

$

32m2
rm

2
V (mp/vH)2 f2

p

m7
hβV

'

1− 4m2

V

m2

h

+ 12
m4

V

m4

h

( (25)

where βV =
)

1− 4m2
V /m

2
h. On the other hand, in the

EFT of Eq. (3) one finds

#

σSI
p

$
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FIG. 2: σSI
p as a function of the mass of dark matter for SVDM

for a mixing angle α = 0.2. Same color and line scheme as
Fig. 1.

used in the analysis’s of ATLAS [1] and CMS [2]. Note
again that σSI

p of Eq. (25) has additional factors involving

(α, m2), compared to
#

σSI
p

$

EFT
of Eq. (26). Therefore,

similarly to the case of SFDM, one cannot make model-
independent connections between Binv

h and σSI
p in the

Higgs portal VDM model. Fig. 2, where σSI
p of Eq. (25)

and (σSI
p )EFT of Eq. (26) in VDM scenario are depicted

for comparison, shows clearly this discrepancy caused by
the different dependence on α and m2.

IMPLICATIONS FOR DM SEARCH AND

COLLIDER EXPERIMENTS

From our arguments based on the renormalizable and
unitary model Lagrangians, it is clear that one has to
seek for the singlet-like second scalar boson H2. It could
be either lighter or heavier than the observed Higgs bo-
son. Since the observed 125 GeV Higgs boson has a sig-

Collider Implications
mh = 125GeV, Br(H ! inv) < 0.51 at 90% CL

[arXiv:1404.1344]

mh = 125.5GeV, Br(H ! inv) < 0.52 at 90% CL

[arXiv:1402.3244]

Based on EFTs

Interpretation of LHC 
constraint is very 

sensitive to the UV 
completion 

Ko Aug 5th

It is  a bit funny to have this kind of analysis for  
the dark matter signal while background is estimated  

seriously using NNLO, NLO, …  



simplified model 
write general renomalizable lagrangian with Z2 symmetry (1507.00966) 

Mediator:   Scalar/Pseudoscalar/Vector/Axial Vector…, able to implement variety 
of signals  ( Medina Z’ couple to top and dark matter, Mendiratta couples to gluon 
only)  

Tips  to compare Dark Matter detection with collider    

Coherent:  Higgs exchange or vector   →strong dark matter bound  

Spin dependent: Axial (or Majorana Dark 
matter )   

 Axial vector means (u, d) = (2, 1/6, a) L, ( 0, 2/3, 
-a)R,  (0, -1/3, -a ) R  very model dependent 
assumption on extra U(1) charge.  

Spin 1 U(1) mediator: No counter part in 
SUSY  (suppressed coupling) 

Maybe extended or refined further?
Shin-Shan Eiko Yu

Axial-vector Mediator Scalar Mediator

• BR(h(125)→ invisible) < 0.44 (0.56 expected) 

• Results recast to limits on SI/SD DM-nucleon scattering cross sections

7

Mono-Jet/Jets/Hadronic W And Z 2016 data

Yu Aug5(1607.06680)



Simplified model (not sexy enough?) 

DM spin SM SU(2) density/detection 

1 0

 1/2 Majorana 1 scalar med/extra U(1) 

2 gauge

3 gauge

mix of above gauge/Higgs 

1/2 Dirac 2

0 0 scalar 4 point 

(Meson Baryon glueball 
in Hidden sector ) 0 SU(N) there, U(1) mixing 

…. … …

U(1)D mixing 



Simplified model 
DM spin SM 

charge
density/detection Model

1(very light) 0 dark photon 

 1/2 Majorana 1 scalar med Bino

2 gauge Higgsino 

3 gauge Wino 

mix gauge/Higgs neutralino 

1/2 Dirac 2 U(1)D
0 0 scalar 4 point extended Higgs 

(Meson, Baryon, Gluball 
on the other side) 0 SU(N) there and U(1) 

mixing SIMPS 

….. … …. …



conclusion 

Nature of Dark matter is one of the big questions that particle physics 
should answer.   

Success of LHC and dark matter searches and we are wondering over 
next steps to go.  

It is ideal if we have [Dark matter from theory] >>  [Simplified 
model( Lagrangian)] >> [effective theory( higher dimensional 
operator)] .  

Need care about gauge violating action, and amplitude with sick 
behavior. 

Need models on Dark matter: Theorists may need a time to come up 
with convincing  models.  


