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Are there only SM particles 
at low-energy?

• Experimentally:

• Even very light states could be missed if very weakly interacting,

• There is dark matter in the Universe; it could be relatively light.

• Theoretically: Plenty of models predict new light particles

• Pseudo-Goldstone scalars (axion, familon,...),

• U(1) vectors (string, ED,...),

• Hidden sectors & messengers (SUSY, mirror worlds,...)

• Many others: millicharged fermions, dilaton, majoron, 
neutralino, sterile neutrino, gravitino,...



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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Very weakly interacting  Take X as neutral, but include 
all possible interactions as 
gauge-invariant effective operators.

X = dark sector 
state connected 
to the SM, or a 
light messenger.

B. How to systematically investigate the low-energy particle content?

Kamenik, CS ‘11
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How to probe low-energy 
particle content?

• Take X as neutral, but include all possible interactions as 
SM gauge-invariant effective operators.
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J. F. K. & C. Smith, 1111.6402

X = dark sector 
state connected
to the SM, or a 
light messenger.

taken from C. Smith @ LPC - Clermont-Ferrand, 4/2012



• Assumptions about the dark state X :

• Not stable ⇒ No DM constraints!

• Long-lived ⇒ Escapes as missing energy.

• Weakly coupled ⇒ Does not affect SM 
processes. 

• ⇒ Main impact is then to open new decay 
channels.

How to probe low-energy 
particle content?
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Flavor probes of the invisible

J. F. K. & C. Smith, 1111.6402



Flavor probes of the invisible
• FCNC meson decays with Emiss CKM suppressed in SM

stage and get an idea of the sensitivity of the rare
contributes to dI → dJX ≈

g2

M2
W

g2

16π2
|V ∗

tIVtJ | ,:

B(K ! ⇡Emiss) ⇠ 10�11

B(B ! K(⇤)Emiss) ⇠ 10�6



Flavor probes of the invisible
• FCNC meson decays with Emiss CKM suppressed in SM

• Potentially very high X-operator scales probed:

Figure 1: The rare decays with missing energy in the SM, as induced by the Z penguin (W boxes are understood).

n = 5 n = 6 n = 7 n = 8 n = 9
s → d 3.3 · 107 TeV 130 TeV 2.0 TeV 0.25 TeV 0.07 TeV
b → d 1.3 · 105 TeV 26 TeV 1.5 TeV 0.37 TeV 0.16 TeV
b → s 2.7 · 104 TeV 12 TeV 0.9 TeV 0.25 TeV 0.11 TeV

Table 1: Naive reach, in terms of scales Λ and as a function of the effective operator dimension n, of the rare
FCNC-induced K and B decays, as estimated from Eq. (1) with the CKM values of Eq. (6).

Rare FCNC decays

The FCNC-induced decay modes are very suppressed in the SM, where the missing energy is carried away by
a νν̄ pair (see Fig. 1). So, even relatively small NP contributions could be evidenced. Specifically, to set the
stage and get an idea of the sensitivity of the rare K and B decays, imagine that a NP operator of dimension
n contributes to dI → dJX , with I = 2, 3, J = 1, 2 the quark generation indices. If its Wilson coefficient is set
to one, then there is a scale Λ such that the NP contribution equates the SM prediction for dI → dJνν̄,

mn−6
I

Λn−4
≈

g2

M2
W

g2

16π2
|V ∗

tIVtJ | , (1)

with m2,3 = mK,B, g the SU(2)L coupling constant, and V the CKM matrix. As shown in Table 1 as a
function of the dimension, the SM loop factor combined with the CKM suppression pushes the scales Λ well
above the electroweak scale for n ! 7. On the contrary, the rare decay constraints cease to make sense for
SU(2)L ⊗ U(1)Y invariant operators of dimension n " 9, since powers of (H†H)/Λ2 → v2/Λ2 grow unchecked
when Λ ! v, where v ≈ 246 GeV is the SM Higgs vacuum expectation value.

Clearly, these scales are only indicative. The true sensitivity to a given dark operator depends essentially on
two additional factors. First, the quark transitions dI → dJX have to be probed through hadronic processes.
Hence, depending on the modes, hadronic matrix elements as well as phase-space factors can alter significantly
the estimates of Table 1. In the following, we compare the sensitivities of all the leading modes. Specifically, in
the K sector, we include the modes with the least number of pions and photons in the final states, i.e. K → X ,
K → πX , K → γX , and K → ππX , and leave out the K → πππX modes. Similarly, in the B sector, the
considered modes are the B → X , B → (K,K∗)X , and B → (π, ρ)X decay channels. The γX channel, driven
in the K sector by the QED anomaly, is suppressed and difficult to reconstruct experimentally in the B sector,
and will thus not be included [6].

The second factor determining the true sensitivity of a given mode is related to the experimental strategies
deployed to measure it. Since invisible states are not seen, the kinematical reconstruction is limited. In addition,
these modes are so rare (in the SM) that they require very aggressive background suppressions. To this end,
the central tool is the differential rate in terms of the kinematical parameters of the visible products. But this
differential rate depends on the nature of the dark particle. Currently, most experimental analyses implicitly
impose the SM differential rate (for X = νν̄). This means that the current bounds cannot be directly translated
to other types of final state particles. This motivates another goal of the present paper, which is to provide the
full dictionary of the differential rates for all the leading effective interactions involving invisible final states.

3

mn−6
I

Λn−4
≈

g2

M2
W

g2

16π2
|V ∗

tIVtJ | ,

cI !=J ∼ O(1)

n = 5 n = 6 n = 7
s → d 3.3 · 107 TeV 130 TeV 2.0 TeV 0
b → d 1.3 · 105 TeV 26 TeV 1.5 TeV 0
b → s 2.7 · 104 TeV 12 TeV 0.9 TeV 0

(n-dim X-NP ≈ SM)

cIJ

Heff (qI → qJX) =
cIJ

Λn
q̄IqJ ×X

:



Flavor - based classification of 
dark operators

• Bounds directly derived from dI → dJX processes. 

• When MFV holds, cI J ∼ λIJ times appropriate chirality 
flip factors (mI,J/v).

Flavor-violating (cI !=J != 0) Flavor-conserving (

∼ λIJ = Y†
uYu ≈ V ∗

tIVtJ →







λsd ≈ (−3.1 + i1.3)× 10−4 ,
λbd ≈ (7.8− i3.1)× 10−3 ,
λbs ≈ (−4.0− i0.07)× 10−2 .



Flavor - based classification of 
dark operators

• Same local operator basis, but with the coefficients 
rescaled as cI J ∼ ctt kIJ times appropriate chirality flip 
factors (mI,J/v).

Flavor-violating (cI !=J != 0) Flavor-conserving (

Heavy quark: q = (c), t

= 0) Flavor-conserving (cI !=J = 0)

, kIJ =
g2

16π2
λIJ →







ksd ≈ (−0.8 + i0.4)× 10−6 ,
kbd ≈ (2.1− i0.8)× 10−5 ,
kbs ≈ (−1.1− i0.02)× 10−4 .



Flavor - based classification of 
dark operators

• Due to small Vub, B decays not competitive. 

• For K decays, q = u contributions are dominant but non 
local, and require controlling long-distance hadronic 
effects.

Flavor-violating (cI !=J != 0) Flavor-conserving (cI !=J = 0)

Heavy quark: q = (c), t Light quarks: q = u, d, s, (c)



Beyond the scaling argument: 
Kinematics

• Experimentally, rare decays with Emiss do not allow for 
complete kinematical reconstruction. 

• Require aggressive background suppressions.

• SM differential rates implicitly assumed in most exp. 
analyses.



Beyond the scaling argument: 
Kinematics

Example: Very light neutralinos in K+→π+ Emiss

• Effective operators: 

[s̄�µ(1± �5)d][�̄�µ�5�] [s̄�µ(1± �5)d][�̄�µ(1± �5)�]

(�LR,RL)(�LL,RR)

B. Flavor-breaking scenario: Very light neutralinos

Invisible 3/4

Dreiner et al ‘09

Beyond MFV, the flavor-breaking comes from squark mixings.

5 5(1 )s dµ
µχγ ± γ ⊗ γ γ χEffective couplings:  

0 0
1 1K + +→ π χ χ

5 5(1 ) (1 )s d± γ ⊗ ± γχ χ

q2/m2
K

E787-E949 Exp.

SM
flavor violation controlled 

by squark mixing
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Beyond the scaling argument: 
Dark gauge invariance

• FCNCs are not conserved in general. 

• For spin 1 and 3/2 dark particles [1/mX]2 terms of 
polarization (spin) sums not projected out in physical 
observables. 

• Regularization strongly depends on assumed dark sector 
dynamics (dark gauge invariance breaking). 



Beyond the scaling argument: 
Dark gauge invariance

Example: Weakly coupled dark photon (A’)

• mA’=0 regular by coupling to conserved current

• In B sector t - loop dominates 

Hint
A0 = e0A0

µJ
µ
e.m.

B(b ! sA0) = |e0/e|2B(b ! s�)SM

Apart from the Z−V mixing effects, matched onto Eq. (28) or Eq. (34), the εB and ε1 couplings are genuine
SU(2)L ⊗ U(1)Y invariant realization of the two conserved quark currents of Eq. (41). Let us now see how to
constrain them from rare decays.

Phenomenological constraints on the couplings to heavy quarks

Once the heavy quarks are integrated out along with the weak bosons, the presence of V in K and B physics
is felt through the operators of the second scenario, in particular HV

mat[II]. For example, the last operator in
Eq. (34) is induced in complete analogy to the electromagnetic operators describing b→ sγ and s→ dγ in the
SM. This situation is thus simple to account by adapting the coupling of HV

mat[II] according to Eq. (7), and
setting the scale Λ at MW . Alternatively, a more precise estimate can be obtained when the new invisible vector
boson is very light and aligned with the photon (in the quark sector). If we set cU = 2/3εe and cD = −εe/3,
the branching ratios for b→ sV and s→ dV are obtained by rescaling by ε2 the SM predictions for the b→ sγ
and s→ dγ processes, up to simple phase-space corrections.

Specifically, in the B sector, the branching ratio for b→ sV is

B(b→ sV ) = |ε|2B(b→ sγ)SM , B(b→ sγ)SM = (3.15± 0.23) · 10−4 [50] , (46)

when mV $ mB and Eγ,V > 1.6 GeV. This cut on the photon energy is actually at the opposite end of
phase-space compared to those set for b → sX . But even without a definite prediction, it is clear that the
expected sensitivity of about 10−5 in the B → (K,K∗)X channels would at best probe ε down to a few percent.
For comparison, typical bounds on ε derived from flavor-blind hadronic observables are currently down to the
10−3 range [4, 42].

The situation is worse in the K sector, where only CP-violating observables are sensitive to the short-
distance (c and t) magnetic operator. As analyzed in Ref. [51], those are beyond experimental reach even in
the SM case, and thus cannot be used to set constraints on ε. This is actually clear from Table 5: rescaling by
ksd ∼ 10−6, the scale Λ ends up well below the electroweak scale.

So, rare K and B decays are rather ineffective at constraining the presence of a new flavor-blind vector
coupled exclusively to heavy quarks. Fortunately, in many cases, as e.g. from Eq. (44), universality holds and
this vector must also couple to light quarks, where the situation is much better.

Phenomenological constraints on the couplings to light quarks

In this case, the CKM factors strongly favor the K sector to derive competitive bounds. At the K mass scale,
only the u, d, and s quarks are active quark degrees of freedom. Adopting a matrix notation in the q = (u, d, s)
flavor space, HV

eff [III] takes the form

HV
eff [III] = e q̄γµQ

′q × V µ, Q′ = εQ+ ε′1 , ε ≡
cU − cD

e
, ε′ ≡

cU + 2cD
3e

, (47)

with 1 = diag(1, 1, 1), Q = diag(2/3,−1/3,−1/3), and e the QED coupling constant. So, from the point of
view of low energy physics, there are only two possibilities: either Vµ is effectively aligned with the photon (ε
term) or its charges are proportional to baryon number (ε′ term) [44]. This HV

eff [III] coupling must be directly

embedded within Chiral Perturbation Theory (ChPT) [52]. At the leading p2 order, the V µ field enters only
through the covariant derivative acting on the meson fields

DµU = ∂µU − ieAµ [Q, U ]− iVµ [Q
′, U ] = ∂µU − ie(Aµ + εVµ) [Q, U ] . (48)

The ε′ term cancels out in the commutator, leaving Vµ coupled exactly like the photon Aµ. This ensures the
absence of a direct K → πV coupling at leading order, relegating them to O(p4). Such a direct leading order
coupling only exists when the d and s charges are different. Indeed, in that case, the generator Q′ would no
longer commute with that of the weak interaction. This is another way to see that when the universality (42)
fails, the dimension-four FCNC couplings of HV

mat[I] should be allowed.

23

c.f. J. Jaeckel and A. Ringwald, Ann. Rev. Nucl. Part. Sci. 60 (2010) 405 

Not competitive with flavor blind searches: |e0/e|2 < 10�3



Beyond the scaling argument: 
Dark gauge invariance

Example: Weakly coupled dark photon (A’)

• mA’=0 regular by coupling to conserved current

• In K decays naive estimate 

• LD dynamics strongly suppresses the rate below 2π

Hint
A0 = e0A0

µJ
µ
e.m.

C. Flavor-blind scenario: Weakly-coupled new photon

Invisible 4/4

So there is very little sensitivity, no matter the mass of γ’.

int

2 1 1

3 3 3
u u d d s se A µ

µ
µ µ 

= ′ γ − − 


γ γ′


L

Problem 2: The LD dynamics strongly suppresses the rate below 2π.

!
B(K → nπ +mγ + V )

B(K → nπ + (m+ 1)γ)
∼

10−12

B(K → nπ + (m+ 1)γ)|e0/e|2 exp

SM SM
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
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

L

Problem 2: The LD dynamics strongly suppresses the rate below 2π.

q2/m2
K

SM mA’=0



What a light Higgs could tell?

J. F. K. & C. Smith, 1201.4814



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

• Testing invisible Higgs 
decays is notoriously 
difficult

• Assuming SM ZH 
production rate:          
BR(h→inv) < 0.65 inv) → BR(H
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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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Figure 4: Left: fit for the Higgs boson branching fraction to photons and gluons. The red

dashed curve shows the possible e↵ect of extra top partners, such as the stops. Right: fits for

the invisible Higgs boson branching fraction (see section 2.3 for the model assumptions).

2. In addition to the latter we also allow for non-standard values of h ! �� and h ! gg,

finding a weaker constraint on BRinv, also shown in the right panel of Fig. 4.

An invisible Higgs boson width also gives unseen missing-energy signatures, which presently

provide less stringent constraints [22] on Higgs boson properties than do global fits [16, 23].

2.4 Higgs boson couplings

Next we extract from data the Higgs boson couplings to vectors and fermions, in order to test

if they agree with the SM predictions. We recall that the SM predicts a negative interference

between the W -loop and the top-loop contributions to h ! ��. In general this rate depends

on the relative sign of these two contributions that depends on the relative sign of the gauge

and top Yukawa couplings.

In the left panel of Fig. 5 we assume a common rescaling of the Higgs boson coupling to

the W,Z bosons and a common rescaling of the Higgs boson couplings to all fermions, denoted

by a and c, respectively. We find two preferred solutions, that both allow for an enhancement

of h ! ��. The first solution has the Higgs boson coupling to fermions, thus also to the top

and bottom quarks, reduced with respect to the SM predictions, thereby reducing the negative

interference in h ! �� and increasing its branching fraction. This solution prefers somewhat

enhanced Higgs boson couplings to vectors that enhances also the W -loop contribution to

h ! ��. The second solution has the Higgs boson coupling to the top quark with opposite sign

with respect to the SM prediction, thereby making the interference constructive and, again,

6

What a light Higgs could tell?
• Total width of SM Higgs 

unmeasurable at LHC   
(Γ(h)SM ~ 4 x 10-3 GeV)

• Under assumptions of 
narrow width, absolute 
Γ(h→gg) can be 
extracted

• Indirect constraint on 
BR(h→inv) < 0.2 - 0.6

Giardino, Kannike, Raidal, Strumia arXiv:1207.1347



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:

1

5
×

ΓSM
h

Mh
!

Γdark
h

Mh
∼

1

8π

(

M2
h

Λ2
d

)d−4

⇒ Λ5 ! 10 TeV , Λ6 ! 1.1 TeV ,

possible to probe relatively high NP scales



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

• Lorentz scalar - can couple to most operator 
structures

1
2

0
H

hv

 
→  + 

2† 21
2

( 2 )H v hvH h→ + +

2†

2
( )

W

ig
c

H H h Zvµ µ→ +

D

1
2

( )vHL h ν→ + ℓ

when



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

• Lorentz scalar - can couple to most operator 
structures

• Most promising channels?

• Invisible: h → E

• Gauge : h → E + (γ, Z )

• Fermionic: h → E + (fermions)

/

/

/



Examples: Spin 0 and 1/2
• Simplest operators are constructed using H†H:

• Induce both mass correction and invisible 
decay:

• Without fine-tuning dark and electroweak 
mass terms:

0 † †
eff H H φ φλ′= ×H

( )h EΓ → /mδ

2† 21
2

( 2 )H v hvH h→ + +

m m m mψ ψ ψ ψδ δ≈ + t

2 2 2 2m m m mφ φ φ φδ δ≈ + t

1/ †
5

2 (1, )
1

eff H H ψ ψγ= ×
Λ

H

(Higgs portals)



Examples: Spin 0 and 1/2
• Simplest operators are constructed using H†H:

0 † †
eff H H φ φλ′= ×H 1/ †

5
2 (1, )

1
eff H H ψ ψγ= ×

Λ
H

If initially massless (or very light), these dark states must remain light.



Examples: Spin 0 and 1/2
• Other operators & decay channels?

• Current operators:

2
1 CB HL µν

µν σ ψ
Λ

×
( ) 2%h γνψ→ ≈B

: Negligible since 7-dim and 4-body (              ). †

3
1 CHL LH φ φ

Λ
×

B. Other operators & decay channels?

Neutrino portal operators (violating lepton number)

†
2

†1
( , )H H µ

µ
µφ φ ψγ ψ∂×

Λ





D

2 2

1 1

ZM
>

Λ
∼ ∼

Higgs vector current operators: 

Spin 0 & 1/2 – 4/4

Subleading compared to SM at tree-level (same for fermionic ops).

: Must be negligible since it induces a neutrino mass. CHL ψ×

h φννφ→

: No SM tree-level for g  may be accessible.
for 0.5TeVΛ ≈

Subleading compared to SM at tree-level 
(same for fermionic operators).
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
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2 2

1 1
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Higgs vector current operators: 
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: No SM tree-level for g  may be accessible.
for 0.5TeVΛ ≈



Examples: Spin 0 and 1/2
• Other operators & decay channels?

• Current operators

• Neutrino portal operators (violating lepton 
number):

: Must be negligible since it induces a neutrino maCHL ψ×

2
1 CB HL µν

µν σ ψ
Λ

× : No SM tree-level for 

: Negligible since 7-dim and 4-body (              †

3
1 CHL LH φ φ

Λ
×

- induces neutrino mass

- may be accessible for γ

- dim=7 and 4-body
( ) 2%h γνψ→ ≈B

: No SM tree-level for may be accessible.
for 0.5TeVΛ ≈

...



Examples: Spin 3/2
• Massive spin 3/2 dark states? 

• Hard breaking: no simple way to regulate 
the divergences

• Soft or no breaking: all effects from 
gauge-invariant higher dimensional operators

†3/2
3 2

1 1 C

eff H H HLµ
µν

ν
µν

µν γΨ Ψ= × ×
Λ

+
Λ

Ψ H D
( )µν µ ν ν µΨ = ∂ Ψ − ∂ Ψ

Requiring                                           imposes     .( ) 20%, SM
hh νΓ → < ×ΓΨΨ Ψ 0.7 TeVΛ t

Higgs width is our best window for such kind of operators.

Need to specify dark gauge invariance breaking



Examples: Spin 3/2
• Massive spin 3/2 dark states?

2 / 2m vΨ = Λ

When dark gauge invariance is broken, rates are huge!



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

• FCNCs can impose competitive bounds on their 
interactions with SM 

• Small width of Higgs offers unique window also 
well beyond the portals.Worth to search also for deviations in missing energy 

modes,                                                          .( ) ,,, ( )h h Z hE ferE i nsE m oγ→ → + → +/ / /

K ! n⇡ +m� + E , B ! (0,⇡, ⇢,K(⇤)) + E/ /

(also LFV, rare charm decays, (mono)tops)



Addendum
Could such states form thermal relic dark matter?

• Example: Higgs portal DM
0

1/

† †

†
5

2 (1, )
1

eff

eff

H H

H H

φ φ

ψ ψ

λ

γ

′= ×

= ×
Λ

H

H

DM
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�0 1/⇤̃

Djouadi et al., 1112.3299



Addendum
Could such states form thermal relic dark matter?

• What about beyond Higgs portal?

• Naive scaling of thermal x-section & constraints:

3

II. HIGGS PORTALS IN EFFECTIVE FIELD THEORY

The minimal Higgs portal scenarios consist of the SM enlarged by a single neutral (DM) field,

even under some internal parity. In the following we consider DM with spin up to 3/2. Then the

dominant interactions of such DM with the SM degrees of freedom are of the form

H0

eff = �0H†H ⇥ �†� , (3a)

H1/2
eff =

cLR
⇤

H†H ⇥  ̄L R +
cRL

⇤
H†H ⇥  ̄R L , (3b)

H1

eff = ✏HH†H ⇥ V µVµ , (3c)

H3/2
eff =

cS
⇤
H†H ⇥  ̄µ µ +

icP
⇤

H†H ⇥  ̄µ�
5

 µ , (3d)

where �,  , Vµ and  µ are scalar, spin 1/2 fermion, vector and spin 3/2 fermion DM fields. After

electroweak (EW) symmetry breaking

H†H ! 1

2
(v2

EW

+ 2v
EW

h+ h2) , (4)

where v
EW

' 246 GeV is the weak condensate and h is the physical Higgs boson. Finally, ⇤ is

the scale at which the non-renormaliziable DM-Higgs interactions are generated. The minimal DM

models assume ⇤ � v
EW

, such that the expansion v
EW

/⇤ makes sense and these leading terms

represent the dominant contributions to DM-SM interactions in the early universe and current

experiments. As shown in [], in all such models with light DM (mDM . mh/2), the observed DM

relic abundance is in conflict with the experimental bounds on the invisible decay width of the

Higgs.

The question we want to address here in whether including higher dimensional Higgs-DM op-

erators [] might open new possibilities to reconcile Higgs portal DM with current experimental

constraints. Let us start by performing a näıve dimensional analysis of the relevant processes

based solely on the canonical dimension (d = 4 + n) of the relevant interaction operator. The

invisible Higgs branching fraction scales as

B(h ! invisible) ⇠ 103
⇣mh

⇤

⌘
2n

, (5)

where the overall normalization is set by the total width of the Higgs in the observed channels. On

the other hand, the current constraints from direct DM detection experiments can be cast into the

form

h�i
h�i

excl.
⇠ 102

✓
mDM�

⇤

◆
2n

, (6)
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based solely on the canonical dimension (d = 4 + n) of the relevant interaction operator. The

invisible Higgs branching fraction scales as
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where the overall normalization is set by the total width of the Higgs in the observed channels. On
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form

h�i
h�i

excl.
⇠ 102

✓
mDM�

⇤

◆
2n

, (6)

4

where � ⇠ 10�3 is the typical DM velocity in the experiment frame and the numerical pre factor

corresponds to h�i
excl. as set by the XENON100 experiment []. We observe immediately that in the

relevant DM mass windows below mh/2, at present the Higgs constraint will be much stronger than

direct detection for any operator dimension. Finally, the thermal DM annihilation cross-section

determining the cosmological DM abundance scales as

h�vi /
⇣mDM

⇤

⌘
2n

. (7)

We can now determine the relative strength of the Higgs constraint on the allowed thermal DM

cross-section compared to the lowest-dimensional operators with n
min

= 0, 1 (for bosons, fermions

respectively) as

✓Binvisible

h

h�vi

◆

n

=

✓
mh

mDM

◆
2(n�nmin)

✓Binvisible

h

h�vi

◆

nmin

. (8)

We see immediately that the invisible decay width of the Higgs constraint on the allowed thermal

DM cross-section increases with the operator dimension, so the inclusion of higher dimensional

operators cannot help to reconcile existing constraints excluding the leading d = 4, 5 operators.

On the other hand, direct detection constraints are expected to remain at the same order of

magnitude.

The severe constraint of B(h ! invisible) relies on the two-body decay kinematics of Higgs

decays to pairs of DM particles. However, one can construct operators which necessarily create

DM particles in conjuction with SM gauge bosons. The simplest e↵ective interactions generating

such final states are built from the Higgs vector current

H†

 !
D µH ⌘ H†

 �
DµH �H†

�!
DµH ! ig

2cW
(v2

EW

+ 2v
EW

h + h2)Zµ , (9)

where cW = cos ✓W is the cosine of the weak mixing angle. The bounds coming from such non-

standard Higgs decay channels are much weaker due to 3-body final state phase-space – the bounds

on ⇤ are expected to be diluted by an order of magnitude. Furthermore, the kinematical threshold

where the Higgs bound applies at all is lowered to mDM < (mh�mZ)/2. On the other hand, such

operators are constrained by Z ! E
miss

measurements at LEP for mh < mZ/2.

Another possibility is to couple the DM particles to fermionic currents. Scalar or tensor quark

and lepton currents are especially interesting, since they automatically involve a Higgs field,

�S = H†D̄Q, H†ĒL, H⇤†ŪQ, �T
µ⌫ = H†D̄�µ⌫Q, H†Ē�µ⌫L, H⇤†Ū�µ⌫Q . (10)

In this case the Higgs bounds are expected to be even weaker, due to a 4-body decay phase space.

On the other hand, one expects constraints from rare SM fermion decay channels to (partly) invis-

(controls relic abundance)

(XENON100 bound)

Higgs constraint increases with n (for mDM<mh/2), 
direct detection sensitivity may decrease!

Greljo, Julio, J.F.K., Smith & Zupan, in preparation



Addendum
• For light DM, circumvent Higgs bound by 

multi-body decay modes

1. couple to Higgs (& fermionic) currents:

H†

 !
D µH ⌘ H†

 �
DµH �H†

�!
DµH ! ig

2cW
(v2

EW

+ 2v
EW

h + h2)Zµ

�S = H†D̄Q, H†ĒL, H⇤†ŪQ, �T
µ⌫ = H†D̄�µ⌫Q, H†Ē�µ⌫L, H⇤†Ū�µ⌫Q .

Greljo, Julio, J.F.K., Smith & Zupan, in preparation

Mostly excluded by (in)direct detection experiments  



Addendum
• For light DM, circumvent Higgs bound by 

multi-body decay modes

2. LNV (neutrino) portal:

Greljo, Julio, J.F.K., Smith & Zupan, in preparation

Ld=8

e↵

=
(i ̄�

5

 )(LiLjHkH l✏ik✏jl)

⇤4

,

• Does not contribute to neutrino mass

• Requires low EFT cut-off Λ~1TeV

• Explicit renormalizable UV model can be constructed



Addendum
• For light DM, circumvent Higgs bound by 

extending low energy particle content

Greljo, Julio, J.F.K., Smith & Zupan, in preparation

Simplest examples with extended Higgs sectors: 
• THDM + DM
• SM + scalar SM singlet + DM

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

... 

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

Piazza & Pospelov, 1003.2313
...

(effectively decouple DM interactions 
generating correct relic abundance from 
125GeV Higgs)



Backup



Examples: Spin 1 and 3/2
• Leading operators break a dark gauge 

invariance: 

• Consequently, decay rates are singular in the 
massless limit

1

3/2

† †

5
† (1, ) C

H Heff

eff

H H H HV

H H

i

c c
H

V V

L

µ
µ µ

µ

µ

µ
µ

µ

ε ε

γΨ Ψ

′= × + ×

′
= × + ×

Λ Λ
Ψ Ψ Ψ 


D

D

H

H

( )1
3

( )

Vk k
pol

k k
spin

P

u u k P P Pm

µ µνν

µ µν µρν νσ
ρ σ

ε ε

γ γΨ ΨΨ Ψ

= −

/= − + −

∑

∑
2
X

X
m

k k
P g

µ ν
µν µν= −

Need to specify dark gauge invariance breaking



Examples: Spin 1 and 3/2
• Hard breaking: (dark SSB or Stückelberg)

For instance, in the SM:
WM gv∼4 2

4 2
, 4 2

1
( ) ... ...W W

W

v
v P P

v
h W

M
W

g
g µν

µνΓ → → + → +∼
0WM →

Thus impose:So, we can deal with the singularity as                    with . V arkH dm vε∼



Examples: Spin 1 and 3/2
• Hard breaking: (dark SSB or Stückelberg)

The H†H operator automatically regulates its 
massless limit: †

H H H V V µ
µε ×

2
2

4

3

( ) h
H

V

v M
h V

m
V εΓ → ∼2 2

HVm vδ ε=

(for                     )125hM GeV≈2 2 :V Vm mδ≈ ( ) 80 SM
hVVhΓ Γ→ ×t

- Dark decay must be forbidden:
- A large dark mass must soften the singularity

/ 2V hm Mδ >- Dark decay must be forbidden,                    .125 GeV hint :

The         operator automatically regulates its massless limit:

B. Hard breaking

†
H H H V V µ

µε ×

2k k
pol

k k
g

m

µ ν
µ µννε ε = − +∑

2
2

4

3

( ) h
H

V

v M
h V

m
V εΓ → ∼2 2

HVm vδ ε=

(for                     )125hM GeV≈

- A large dark mass must soften the singularity:

/ 2V hm Mδ >- Dark decay must be forbidden,                    . 

Spin 1 & 3/2 – 3/9

†H H

2 2 :V Vm mδ≈ ( ) 80 SM
hVVhΓ Γ→ ×t

2 2 2 2 2( )V V V darkHm m m v vεδ= + = + with                    .1.1darkv TeV>



Examples: Spin 1 and 3/2
• Hard breaking: (dark SSB or Stückelberg)

The H†DμH operator fails at regulating its 
massless limit: †

H VH H µ
µε ′ ×

D

22 2 0!V Hm vεδ ′ <= −
2 3

2
2 2

2
( ) h

H
Z V

V
v M

g
M m

h Z ε ′Γ → ∼

V Zhm M M⇒ > −

(for                     )125hM GeV≈

( ) 15 SM
hVh ZΓ Γ→ ×t

Z V

2 2 :V Vm mδ−≈

Tight constraints, e.g.                            .2.4Vm GeVδρ <⇒Z-V mixing: 
EW mass window completely closed



Examples: Spin 1 and 3/2
• No breaking: (kinematic mixing or dark 

charge for the Higgs)

2kin B Vµν
µνχ

= ×L need to redefine V-B



Examples: Spin 1 and 3/2
• No breaking: (kinematic mixing or dark 

charge for the Higgs)
2

2
† † †

2 4kin H H H Hi V VH VHµ µ µ
µµ µ

λ λ
= − × + ×


DL D D

After diagonalizing the mass: 
The dark vector is massless and entirely decoupled!

Holdom, Phys.Lett. B166 (1986) 196 

Dominant effects then come from higher -
dimensional operators:
Typically,                                                     requires              .1TeVΛ t( , , ) 20%, SM

hh Z fVV V V VfγΓ → < ×Γ



Examples: Spin 1 and 3/2
• Soft breaking:

2

2 2
V

kin V
m

B V Vµν
µν µ

µ
χ

= +×L

vector mass changes the diagonalization, 
and upsets its elimination

2em
W VWB V V VJ Zc s mµν µ µ

µν µ µ× → × − ×

dark field has some couplings to fermions & Higgs

D. Soft breaking

The dark field has some couplings to the fermions & to the Higgs

All are very suppressed; only                           may be accessible.3( ) 10ZVh −→ ∼B

Holdom, 1986

2em
W VWB V V VJ Zc s mµν µ µ

µν µ µ× → × − ×

2

2 2
V

kin V
m

B V Vµν
µν µ

µ
χ

= +×L

A vector mass changes the diagonalization, and upsets its elimination:

Spin 1 & 3/2 – 7/9

All are very suppressed (δρ,...)

Holdom, Phys.Lett. B166 (1986) 196 


