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How to probe low-energy 
particle content?

Heavy NP can be projected onto effective gauge-invariant 
operators built in terms of SM fields.
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How to probe low-energy 
particle content?

X = dark matter state connected to the SM, or a light 
messenger.
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Assumptions about the dark state X :

• Long-lived ⇒ Escapes as missing energy.

• Weakly coupled ⇒ Does not affect SM 
processes. 

⇒ Main impact is then to open new decay and 
production channels.

How to probe low-energy 
particle content?



What a light Higgs could tell?
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Greljo, Julio, J.F.K., Smith & Zupan, 1309.3561



What a light Higgs could tell?
• In SM BR(h→inv) ~ 0.1%

• Testing invisible Higgs 
decays directly is 
notoriously difficult

• Assuming SM ZH 
production rate:          
BR(h→inv) < 0.58 

see also talk by R. Wang
CMS, 1404.1344
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Figure 10: 1 - Confidence level (CL) (a) and profile likelihood (b) scanned against BR(H → invisible)
for the SM Higgs boson with 125 GeV mass. The dashed line shows the expected values, whereas the

solid line indicates the observed values. The red solid lines indicate the 68% and 95% CL for (a).

on the cross section times invisible branching fraction of a possible additional Higgs-like boson over the

mass range 115 GeV < mH < 300 GeV. No excess is observed over the mass range.
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What a light Higgs could tell?
• Total width of light SM 

Higgs boson difficult to 
measure at LHC           
(Γ(h)SM ~ 4 x 10-3 GeV)

• Using off-shell 
interference effects in 
the ZZ* channel              
Γ(h)/Γ(h)SM < 5.4

• Can be translated to     
BR(h→inv) < 0.84

FIG. 4: Overall picture at 8 TeV, (colour online). In this and the following figure the CMS cuts described
in the text have been imposed, but the constraint m4! > 100 GeV has been removed to extend the range of
the plot.

m4! < 130 GeV m4! > 130 GeV m4! > 300 GeV
Energy σH

peak σH
off σI

off σqg,int
off σH

off σI
off σqg,int

off

7 TeV 0.203 0.044 -0.086 0.0091 0.034 -0.050 0.0023
8 TeV 0.255 0.061 -0.118 0.011 0.049 -0.071 0.0029

TABLE III: Fiducial cross sections for pp → H → ZZ → e−e+µ−µ+ in fb. All cross-sections are computed
with leading order MSTW 2008 parton distribution functions [38] and renormalization and factorization
scales set equal to mH/2.

of the gg interference contribution, despite using what we believe to be identical input parameters.
The results of ref. [8] were obtained using the code gg2VV [9].

We believe that the cause of the discrepancy is a cut of pZT > 7 GeV imposed in the double
precision version of gg2VV for the continuum process, but not on the Higgs signal process. The
interference contribution is obtained by forming the combination (c.f. Eq. (38)),

σI = |MH +MC |2 − |MC |2 − |MH |2 . (39)

The pT cut is performed on the first two terms on the right hand side of Eq. (39) but not on the
third. The cut on the amplitudes that involve the continuum background in the gg2VV code is
presumably performed for reasons of numerical stability.

We shall now discuss the treatment of the region of low pT of the Z-boson in our code, and
illustrate the importance of low pT . In Fig. 7 we first demonstrate the impact of the spurious 1/pT
singularities that appear in the amplitudes. The figures show the calculation of the gg → ZZ cross
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What a light Higgs could tell?
• Indirect constraints on 

BR(h→inv) < 0.2 - 0.4 
from global fits to Higgs 
signal yields

• subject to assumptions 
on NP effects in h→VV, 
h→ff.
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Figure 7: Five (six) parameter fit of CU , CD, CV , ∆Cg and ∆Cγ; the solid (dashed) curves are
those obtained when invisible/unseen decay modes are not allowed (allowed) for.
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Figure 8: ∆χ2 distributions for the branching ratio of invisible Higgs decays for various cases.
Solid: SM+invisible. Dashed: varying ∆Cg and ∆Cγ for CU = CD = CV = 1. Dotted:
varying CU , CD and CV for ∆Cg = ∆Cγ = 0. Dot-dashed: varying CU , CD and CV ≤ 1 for
∆Cg = ∆Cγ = 0. Crosses: varying CU , CD, CV , ∆Cg and ∆Cγ .

dotted line and crosses in Fig. 8, the limit comes from the direct search for invisible decays in
the ZH channel.

A comment is in order here. In principle there is a flat direction in the unconstrained LHC
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Belanger et al.,  1306.2941

Crosses: varying κU, κD, κV , ∆κg and ∆κγ.
Dotted: varying κU, κD and κV for ∆κg = ∆κγ = 0. 
Dashed: varying ∆κg and ∆κγ for κU = κD = κV = 1.  
Dot-dashed: varying κU, κD and κV ≤ 1 for ∆κg = ∆κγ = 0. 

κX=gX/gXSM



What a light Higgs could tell?
• A light Higgs is very narrow in the SM:

ΓSM
h

Mh
≈ 3× 10−5 (comparable to                )resonances, ΓJ/ψ/MJ/ψ



What a light Higgs could tell?
• A light Higgs is very narrow in the SM:
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What a light Higgs could tell?
• A light Higgs is very narrow in the SM

• Lorentz scalar - can couple to most operator 
structures
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Higgs portals to DM
• Higgs boson could act as mediator of DM-SM 

interactions

• Subject to several nontrivial constraints

Higgs portal

Higgs could act as "mediator" between DM and SM particles

Various Higgs-DM interactions:

Leff =
1

4
λhSS(H†H)S2

Leff =
1

4Λ
λhff (H

†H)ψ̄ψ

Leff =
1

4
λhV V (H†H)VµV

µ

Djouadi, Lebedev, Mambrini, & Quevillon (2011)

Annihilation Higgs decay Direct detection

χ

χ

b

b̄

h
h

χ

χ

χ χ

q q

h

χ ≡ S,ψ, V

Julio (IJS) Constraining Higgs Mediated Dark ... 26 September 2013 9 / 26

Silveira & Zee, Phys. Lett. B161 (1985) 136
Shrock & Suzuki, Phys. Lett. B110 (1982) 250 

Q
H−DM ∼ H

†
H ×QDM

DM

DM

DM

DM

DM DM



• ΩDM requires λ’ ≳ 0.1

• for mDM < mh/2, BR(h→inv) 
imposes λ’ < yb ~ 0.02

• for larger mDM accessible via  
direct detection

Higgs portals to DM
Example: renormalizable portal to scalar DM

0 † †
eff H H φ φλ′= ×!
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Figure 4: DM coupled to the Higgs. Regions of DM mass MDM and Higgs couplings (λDM, yDM,

yPDM): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint Γh,inv/Γh < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the off-shell estimation; the thin curve is the on-shell computation).

• The yDM coupling of fermion DM also generates ON
1 with

cn1 ≈ cp1 = −1.8yDM
mNMDM

M2
h

. (3.11)

• The pseudo-scalar coupling yPDM only produces the operator ON
11 = i�SDM · �q, which is spin-

dependent and suppressed by the transferred momentum �q:

cn10 ≈ cp10 ≈ 0.26
yPDMmN

M2
h

. (3.12)

As a consequence, there are no limits on perturbative values of yPDM.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as yDM � 0.5 (500GeV/MDM).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

14

BR(h→inv)<0.2
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De Simone, Giudice & Strumia, 1402.6287

see also Lebedev et al. 1111.4482, Mambrini 
1106.4819, Djouadi et al. 1112.3299, 1205.3169, 
Lopez-Honorez, Schwetz & Zupan, 1203.2064, 
Cline et al., 1306.4710, ...
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for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint Γh,inv/Γh < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the off-shell estimation; the thin curve is the on-shell computation).
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The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-
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gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is
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Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling
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A! lowest dimensional HP operators excluded (for mDM < mh/2)

see also Lebedev et al. 1111.4482, Mambrini 
1106.4819, Djouadi et al. 1112.3299, 1205.3169, 
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Saving Higgs portals to light 
DM

Can light DM which couples predominantly to the 
Higgs be reconciled with its tiny width (and other 

exp. constraints)? 



Beyond minimal Higgs portal
Scaling of thermal x-section & constraints with 
HP operator dimension (n)
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Figure 11: Upper limits on the spin-independent DM-nucleon cross section σSI
χ−N in Higgs-

portal models, derived for mH = 125 GeV and B(H → inv) < 0.51 at 90% CL, as a function
of the DM mass. Limits are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which enters as a parameter,
and is taken from a lattice calculation, while the dashed and dot-dashed lines represent lower
and upper bounds on this parameter. Other experimental results are shown for comparison,
from the CRESST [70], XENON10 [71], XENON100 [72], DAMA/LIBRA [73, 74], CoGeNT [75],
CDMS II [76], COUPP [77], LUX [78] Collaborations.



Beyond minimal Higgs portal
Scaling of thermal x-section & constraints with 
HP operator dimension (n)
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Circumvent Higgs bound via multi-body decay 
modes

1. couple to Higgs current:

All possibilities excluded by direct detection experiments  

Beyond minimal Higgs portal

H
†←→
D µH → ig

2cW
(v + h)2Zµ (“Z portal”)

XENON100

XENON1T
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D µH × φ†←→∂ µφ ,

V

2 mDM > Λ
Example:



Circumvent Higgs bound via multi-body decay 
modes

2. fermionic bilinears

• need to specify flavor structure of DM-SM couplings

• generically severe FCNC constraints

⇒

ΓS = H
†
D̄Q, H

†
ĒL, H

∗†
ŪQ, ΓT

µν = H
†
D̄σµνQ, H

†
ĒσµνL, H

∗†
ŪσµνQ .

Beyond minimal Higgs portal

Simplest possibility: assume MFV

= 20 GeV one has B(h → DM+DM+ bb̄) ∼ O(10−7) for(for thermal relic DM, mDM~20GeV)



Circumvent Higgs bound via multi-body decay 
modes

2. fermionic bilinears

• severe direct detection bounds (can be avoided for leptophilic DM)

• indirect constraints still relevant

Beyond minimal Higgs portal

Example: Solid: Fermi�LAT

Dashed: �h2�0.1186
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Circumvent Higgs bound via multi-body decay 
modes

3. neutrino portals:

Beyond minimal Higgs portal

QH−DM ∼ L
i
L
j
H

k
H

l
�ik�jl ×QDM

In general severe neutrino mass constraints - can be avoided via:

• parity invariance (purely pseudoscalar DM coupling,            )

• lepton number conservation (DM charged under it,          )

DM-nucleon x-sections severely suppressed - no direct constraints

⇒

12

Finally, DM can couple to the Higgs through Weinberg-like operator,

L
i
L
j
H

k
H

l�ik�jl ×Odark, (12)

where i, j, k, l are SU(2)L indices, �ij is the antisymmetric tensor with �12 = −�21 = 1, and Odark

the DM operator. The lowest dimensional interactions are explicitly,

H0
eff =

gφ

Λ3
L
i
L
j
H

k
H

l�ik�jl × φ†φ, (13a)

H1/2
eff =

g
S
ψ

Λ4
L
i
L
j
H

k
H

l�ik�jl × ψψ +
g
P
ψ

Λ4
L
i
L
j
H

k
H

l�ik�jl × iψγ5ψ, (13b)

H1
eff =

gV

Λ3
L
i
L
j
H

k
H

l�ik�jl × VµV
µ
, (13c)

and similar operators with φ†φ → φφ, ψ̄ψ → ψ̄Cψ and ψ̄γ5ψ → ψ̄Cγ5ψ replacements. The

operators in Eqs. (13) contribute to neutrino masses at one loop. Modulo cancellations, this

suppresses all the operators well below the level required for the thermal scattering cross-section to

give the observed DM relic density. The only exception is the fermionic DM operator with purely

pseudo-scalar interaction (g
P
ψ ) whose loop contributions to neutrino masses vanish identically by

parity invariance, and the φφ, ψ̄Cψ, ψ̄Cγ5ψ type operators if DM carries (conserved) lepton number.

The resulting invisible Higgs decay governed by the g
P
ψ interaction is very suppressed, that is,

B(h → DM+DM + ν̄ν̄) � 10
−7

for mDM = 20 GeV and assuming correct relic DM abundance.

Note that the operator L
i
L
j
H

k
H

l�ik�jl × iψγ5ψ does induce DM-nucleon scattering, but only at

loop level and the contribution is furthermore proportional to neutrino mass. The DM-nucleon

cross section, therefore, is very suppressed.

The DM annihilation cross section induced by the L
i
L
j
H

k
H

l�ik�jl× iψγ5ψ operator is given by

σψψ̄→ν̄ν̄ =
v
4
EW (g

P
ψ )

2

64πΛ8

s�
1− β(m2

DM)

, (14)

with β(M2
) ≡ 4M

2
/s and s � 4m

2
DM is the energy in the center of mass frame. The value of Λ

required to obtain the correct relic density is shown in Fig. 4 (red solid line), assuming only one

neutrino flavor in the final state and setting g
p
ψ = 1. We observe that the required scale is again

low, i.e. for mDM = 40 GeV, Λ � 300 GeV.

In conclusion, our discussion in this section shows that even if the invisible branching ratio of

the Higgs is suppressed, viable Higgs portals to light thermal relic DM require new particles with

masses of a few 100 GeV.

B(h → DM+DM + ν̄ν̄) � 10
−7 (for thermal relic DM, mDM~20GeV)

ψ̄Cψ



Beyond minimal Higgs portal
Generic implication of viable extended Higgs 
portals?
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Correct relic abundance requires low Λ ~ O(few 100 GeV) 

⇒ new particles with weak scale masses beside DM

ΩDM h2=0.1186

with possibly non-trivial flavor interactions!

Γ∝yf

Γ∝1



Example I: THDM II + DM 



THDM II + DM
• Simplest realization of extended HP using 

fermionic bilinears

• Extended scalar sector + 2 x Z2

• After EWSB

• α, β completely determine h, H couplings to 
SM gauge bosons, fermions

H1 ∼ (1, 2, 1/2) , H2 ∼ (1, 2, 1/2) , S ∼ (1, 1, 0)



 H

h



 =



 cosα sinα

− sinα cosα







 h1

h2





(generates md,me),                  (generates mu)                   (DM) ≡ −

Here tanβ ≡ v2/v1 is the ratio of

He et al., 0811.0658
Bai et al., 1212.5604

... 



THDM II + DM
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correspond to β − α = π/2. Black-dashed curve correspond to Eq. (h couplings to gauge bosons SM like:

Vanishing Γ(h → SS) and         . 

Direct DM detection

σSI

p

we assume mH = 200GeV, mS = 40 GeV and

Perturbativity of the HSS coupling requires:(and mH � 450 GeV for

Cancellation among
d̄H1QS

2
ūH̃2QS

2

LHC monojet searches σgg→Hj × B(H → inv.)

σ
SM

gg→hj
|mh=mH

� 3Englert et al., 1111.1719 



Example II: Neutrino portal 



Neutrino portal
• Toy model for generating

• Fermion DM + 2 scalars (all charged under LN)

• Need to suppress leading HP operator by hand

ψ ∼ (1, 1, 0), φ ∼ (1, 1, 0),

L
i
L
j
H

k
H

l
�ik�jl × ψ̄

C
ψ

La

Lb H

H

∆ φ

ψ

ψ

fab
λ

y
0), ∆ ∼ (1, 3, 1).

(DM)



Neutrino portal
• Toy model for generating

• Fermion DM + 2 scalars (all charged under LN)

• Severe LFV constraints on off-diagonal  fab

• Direct LHC searches for Δ assume faa=konst.:
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� φ−∆0 mixed states, m1,2

WMAP Ωh2

mass is then m∆ > 204 GeV [ if fττ >> fee, fμμ

] reports a bound m∆ > 403 GeV, whichCMS, 1207.2666 

can be relaxed to



Example III: Singlet scalars 



Singlet scalars
• Example where DM not lightest NP particle

• Higgs - singlet mixing via

• Interesting when 

φ ∼ (1, 1, 0) , S ∼ (1, 1, 0) .
(Z2 odd DM)

+ µ2H
†
Hφ

h1 = h cosα+ φ sinα ,

h2 = −h sinα+ φ cosα ,

We will assume that mh1/2 > mS > mh2 with mh1 = 125GeV.

Barger et al., 0811.0393
Arina et al., 1004.3953

Piazza & Pospelov, 1003.2313
...



Singlet scalars
• h2 couplings SM-like (reduced by |sin α|)

• |sin α| < 0.1 - 0.2 from LEP for mh2 ~ few 10GeV

• ΩDM set by DM annihilation SS → h2h2

• Satisfies Higgs constraints for comparable SSh1  
and SSh2 couplings

• Interesting LHC(b) phenomenology

• h1 → h2 h2 → 4b (possibly displaced) with Br ~ 0.2
see also Halyo et al., 1308.6213 



Conclusions
• If light and long-lived “dark” particles exists:

• Small width of a light Higgs offers unique 
window also well beyond minimal portals.

• Worth to search also for deviations in 
missing energy modes, h→E, h→E + (γ, Z ), 
h→E + (fermions) .

• Beyond threshold, can exploit mono-Higgs 
production

/ /
/

Petrov & Shepherd, 1311.1511
Carpenter et al., 1312.2592

Berlin, Lin & Wang, 1402.7074



Conclusions
• Could this state be the (thermal relic) dark 

matter constituent? 

• Couplings through minimal portals 
disfavored for light DM

• Significant higher dim. HP interactions 
allowed only if not inducing h→DM DM

• Light DM necessarily implies presence of 
additional new particles with masses below 
few 100GeV


