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LHC: NO HIGGS (YET)
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LHC: NO HIGGS (YET)

very light Higgs (~3 sigma)

heavy Higgs (Problem: 
EWPT)
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LHC: NO HIGGS (YET)

very light Higgs (MSSM?)

heavy Higgs (Problem: 
EWPT)

no Higgs?

invisible Higgs (this talk!)
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OUTLINE

!Invisible Higgs & Higgs Portal Dark Matter

!Constraining the invisible Higgs width (after discovery!)
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INVISIBLE HIGGS DECAYS

• Interpret the current exclusion as a lower bound on 
the invisible Higgs width

•Requirement:

σ(pp→ h→ XSM) =
ΓSM

ΓSM + Γinv
σSM

150− 220 GeV : Γinv ∼ 0.5ΓSM

300− 450 GeV : Γinv ∼ ΓSM Summer 2011
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INVISIBLE HIGGS DECAYS

• Interpret the current exclusion as a lower bound on 
the invisible Higgs width

•Requirement:

σ(pp→ h→ XSM) =
ΓSM

ΓSM + Γinv
σSM

150− 220 GeV : Γinv ∼ 0.5ΓSM

300− 450 GeV : Γinv ∼ ΓSM Summer 2011

140− 500 GeV : Γinv � ΓSM Full 2011
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MODELS?

•Below         threshold: very easy, just need to 
compete with    channel (insert favorite model)

• For                 : Need (relatively) light state with 
sizable coupling to Higgs boson

•Models: Fat Higgs, !SUSY, Higgs Portal,...

•expect other modifications of Higgs production/decay

WW

bb̄

mh > 2mW
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MINIMALISTIC APPROACH

•Effective Higgs coupling to (Majorana) fermion

•Singlet scalar

•Not worry about UV completion etc. right now, only 
require that couplings are perturbative

we are interested in Higgs masses above 200 GeV, where the decays into WW and ZZ pairs

are dominant. In this regime, the invisible branching fraction of the Higgs can still reach

10% and more. The invisible branching fraction in the mν4
− mh plane are illustrated in

Fig. 7.
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FIG. 7: Invisible branching fraction of the Higgs into stable fourth generation neutrinos, as a

function of the Higgs mass mh and the neutrino mass M1. The plot illustrates the pure Majorana

case, while the branching fraction for the Dirac case are a factor of two smaller.

Additional fields are required to guarantee anomaly cancellation. The simplest solution is

to add a complete fourth generation of quarks and leptons, such that anomalies are cancelled

as in the standard model. In this case the Higgs production cross section in gluon fusion

is increased by a factor of 9 [? ], which greatly enhances the sensitivity of the proposed

measurement. On the other hand anomalies can also be cancelled by uncolored new states,

e.g. by techniquarks [? ]. In this case there is no large enhancement of the Higgs production

cross section, however one should still expect deviations from the SM result.

B. Effective fermion coupling

To decouple the fermion masses from the coupling strength to the Higgs boson, one can

consider adding vector-like neutral fermions to the SM. In this case the coupling to the Higgs

boson comes from an effective dimension 5 operator:

L ⊃ mψ̄ψ +
yf

Λ

(

v + h/
√

2
)2

ψ̄ψ , (17)

13

where the Higgs is written in unitary gauge (note that here ψ can be both Dirac or Majo-

rana). In this case the mass of the fermion is given by mf = m + yfv2/Λ while the coupling

to the Higgs is
√

2yfv/Λ. The invisible width of the Higgs in this model is given by

Γff =
1

16π
. . . (18)

and is, in principle, only limited by perturbativity. However for large couplings, some

cancellation between the contributions to mf is required in order to satisfy mh > 2mf .

Examples of concrete models where such decays appear are Higgs decays to neutralinos in

supersymmetric extensions of the SM. While in the MSSM this width is small, the invisible

width of the Higgs is enhanced in Fat Higgs models and λSUSY [? ].

Give some examples (numbers?) from the literature. Maybe a plot that stays in the

effective theory given above, with some theory motivated parameter regions.

C. Higgs decay to scalars

A very simple BSM scenario is the extension of the SM with a singlet scalar [32],

L ⊃
1

2
m2S†S +

1

2
λH†HS†S + LH + LS, (19)

where S can be both real or complex (neutral) scalar. The Higgs partial width to SS pairs

is given by

ΓSS =
λ2v2

32πMh

√

1 −
4M2

S

M2
h

. (20)

A concrete realization within the MSSM with enhanced SU(2) D-terms [? ], that lift the

Higgs mass above 200 GeV. In this model the Higgs has a sizable branching fraction into

sneutrino NLSPs that are neutral and decay outside of the detector.

There is also axion stuff I guess.

D. Littlest Higgs with T-Parity

There is a viable region of parameter space where the the Higgs can decay to AH pairs in

the LHT. For Higgs masses above 200 GeV, the invisible branching fraction is always below

10%.

14
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DM CANDIDATE?

• “Higgs portal” DM

•E.g. scalar :              or fermion: 

•Annihilation purely through Higgs:

McDonald, 1994;
many others 

Cirelli, Fornengo, Strumia, 2005
Lee, Kim, 2006

decay width sets a lower bound on the couplings:

λs , λ̃f � O (1) , (20)

where λ̃f = λf (v/Λ) is the effective coupling of the dark fermion to the Higgs scalar. On the

other hand, the lack of definitive signals from direct detection experiments of DM places an

upper bound on the scattering rate of DM with the nuclei, which depends on the product of

two factors: 1) the local density of the DM and 2) the interaction strength of the DM with

quarks and gluons inside the nuclei. The local density is inherited from the relic density

and is inversely proportional to the thermal average of the DM annihilation rate. Therefore

we see the Higgs coupling to DM cancels completely in the signal rate in direct detection

experiments, unless additional annihilation channels of the DM exist. We will see that

these considerations place strong constraints on the parameter space of minimal models,

and satisfying all three conditions: Higgs invisible width, direct detection, and relic density

is a non-trivial task. Note however that the relic density constraint could be relaxed, either

by allowing the DM particles to annihilate through additional channels, or by letting them

decay, either outside of the detector or into final states with large SM backgrounds.

The Higgs decay width is easily obtained in analytic form,

Γss = δc
λ
2

sv
2

16πmh

�

1−
4m2

s

m
2

h

, (21)

Γff = δc
1

8π
λ̃
2

f mh

�
1−

4m2

f

m
2

h

�3/2

, (22)

The relic density can be obtained from the Higgs mediated annihilation cross section in the

nonrelativistic limit [4]:

(σv)SS→XSM =
2λ2

sv
2

(4m2
s −m

2

h)
2 +m

2

hΓ
2

h

Γh→SM(mh = 2ms)

2ms
, (23)

(σv)ψψ→XSM = v
2

rel

λ̃
2

fm
2

f

(4m2

f −m
2

h)
2 +m

2

hΓ
2

h

Γh→SM(mh = 2mf )

2mf
, (24)

where Γh = Γh→SM + Γh→ss is the total Higgs width, and Γh→SM(mh = 2ms) denotes the

width of the Higgs boson decays into SM particles for a Higgs mass of 2ms, which is a

convenient way of summing over all possible final states via the virtual Higgs exchange for a

center-of-mass energy of 2ms. The relative velocity of the annihilating particles vrel appears

for fermionic DM since the annihilation occurs via p-wave Higgs exchange. Using these

13
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CONSTRAINTS

•Relic density:

‣ scalar (red): better 
below WW treshold

‣ fermion (blue): better
above WW threshold

•Strategy:
‣ pick Higgs mass       and dark matter mass

‣ determine coupling through relic density, then impose LHC, 
Xenon100 constraints
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FIG. 6: Relic density for scalar (orange/light grey) and fermion (blue/dark grey) dark matter as a

function of the dark matter mass. The curves are shown for Higgs masses of 200 GeV (solid) and

300 GeV (dashed), for a fixed couplings of λs = 1 and λ̃f = 1 respectively for scalars and fermions.

The light green band is the WMAP-7 measured [34] dark matter relic density.

be achieved for a scalar DM masses below mW and a fermionic DM mass above mW . We

therefore focus our attention to these two mass ranges.

We are now in a position to consider whether there is viable parameter space with mh �
200 GeV that could be consistent with the current LHC Higgs limits, the observed relic

density, and direct detection constraints on DM. The results are presented in the (mh,mDM)

plane in Fig. 7, where for each (mh,mDM) we determine the coupling λ by the relic density

constraint. In particular, we consider cases where the invisible decay product makes up

100% and 10% of the observed relic density, respectively. The different mass ranges for a

scalar and a fermionic DM are motivated by the relic density considerations in Fig. 6. Shown

in Fig. 7 are : 1) contours of invisible Higgs branching fraction ranging from 20% to 80%,

2) limits from Xenon 100 on the spin independent DM nucleon cross section [30], and 3)

ATLAS and CMS limits on σHiggs/σSM re-interpreted as lower bounds on the invisible Higgs

branching fraction. The plots shown are for the case of a complex scalar/Dirac fermion, but

the limits on the parameter space are very similar for the corresponding cases of real scalar

or Majorana fermion DM.

For scalar DM, the top panel in Fig. 7 suggests that the minimal scenario where the

DM annihilates solely through the virtual Higgs exchange is tightly constrained, except for

15

λ, λ̃ = 1

mh mDM



Pedro Schwaller Dark Higgs Planck 2012

HIGGS + DM SEARCH LIMITS

scalar fermion
Blue: Summer 2011 Higgs exclusion

Full 2011 data excludes this scenario,
except for 125 GeV Higgs region
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HIGGS + DM SEARCH LIMITS

scalar fermion
Heavy Higgs allowed if relic density constraint is relaxed:

large invisible width!
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NOW WHAT?

• For                     , hard to fully suppress all modes

•Eventually, we will see it in

•Reduced rate, might be due to

‣ increased total width, i.e. smaller ZZ, WW branchings

‣ reduced production cross section

mh > 200 GeV

h→ ZZ → 4�

measure/constrain the width
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HIGGS LINESHAPE

•Can be measured in
 

•Modified Breit-Wigner shape:
 

•Need to understand exp. resolution

Low, PS, Shaughnessy, Wagner, 2011

h→ ZZ → 4�

widths between 1−2 times the SM Higgs boson width. We assume the background subtrac-

tion can be done cleanly as this is a precision measurement, only made after first discovering

the Higgs boson. That said, we do include the increase in uncertainty after background

subtraction. Using the code ALPGEN [24], we compute the irreducible background from

continuum ZZ production and reducible backgrounds from tt̄ production and Zbb̄ produc-

tion, where the heavy flavor decays produce an isolated muon. In practice, after cuts,

we find the continuum ZZ production dominates the background sample and peaks near

MZZ = 200 GeV. We therefore concentrate on the irreducible background and apply a

K-factor of KZZ = 1.35 as calculated in MCFM [? ]. The simplicity and cleanliness of

the dominant ZZ background sample supports our assumption that the background can be

cleanly subtracted.

To extract the total width of the Higgs boson, we perform a χ2 fit to a fitting function

that we assume is a convolution between the lineshape in M!+!−!+!− =
√

ŝ expected from

the process
dσl

d
√

ŝ
∼ A

√
ŝ
3
√

1 − 4xZ(1 − 4xZ + 12x2
Z)

((ŝ − M2
h)2 + M2

hΓ2
h)

, (4)

and the gaussian function describing the effect the momentum resolution of the leptons have

on the lineshape
dσg

d
√

ŝ
∼ e

− 1

2σ2
res

(
√

ŝ−Mh)2
. (5)

Here, Mh and Γh are the fitted mass and width of the resonance, σres the experimental

resolution of the M4! line measurement, A is the normalization and xZ = M2
Z/ŝ. We fit the

experimental resolution in the h → ZZ → 4# channel by generating events with negligible

total width and fitting the gaussian lineshape after smearing to the M4! mass. For the best

fit, we vary the parameters Mh, Γh, and A to minimize the χ2.

There are two primary methods we focus on for measuring the lineshape, utilizing the

e+e−µ+µ− and 4µdecay of the Higgs. We now turn our attention to these modes.

A. 4µ Channel

This channel provides a relatively clean channel due to the all muon final-state. To isolate

the Higgs signal from the backgrounds outlined above, we follow the analysis outlined in

5

xZ = m2
Z/ŝ

Fit Type: Signal Only
Channel: 2e2Μ
L dt " 30 fb#1

mh " 220 GeV
$hinp " 2.30 GeV

mh
meas " 220.00 % 0.21 GeV
$hmeas " 2.62 % 0.48 GeV
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RESOLUTION

•Electron/muon momentum uncertainty (CMS):

‣ Generate zero width events,
smear, fit to gaussian

‣ Determine detector “lineshape”

‣ Exp. width grows with Higgs
mass,           more accurate 

�
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�
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� pT
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�
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Channel: 2e2Μ
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RESOLUTION

•Electron/muon momentum uncertainty (CMS):

•Gaussian vs. Breit Wigner:

‣ quite similar

‣ fit convolution of Breit-Wigner 
and Gaussian

‣ width measurement possible
down to                , if we trust the detector simulation                 

�
∆p

p

�

µ

= 0.84%⊕ 1%
� pT

100 GeV

� �
∆p

p

�

E

= 0.26%⊕ 2.8%�
p/GeV

⊕ 12.4%
p/GeV

Γ ∼ σexp
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RESULTS

•Comparable or better than VBF reach for

•Accurate probe of Higgs width with 300 fb-1

Γinv

Bkg. Sub.
Channel: 2e2Μ " 4Μ
L dt # 30 fb$1
L dt # 100 fb$1
L dt # 300 fb$1
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WITH 50% REDUCED RATE

•Either reduced production
cross section (purple) or

• Invisible decay, increased
total width (blue)

•Small difference for 
otherwise just statistical effect
and decreased S/B 

Bkg. Sub.
Channel: 2e2Μ " 4Μ
L dt # 30 fb$1

%hinp # %hSM, No Σh Reduction
%hinp # %hSM, 50' Σh Reduction
%hinp # 2(%hSM, No Σh Reduction
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CONCLUSIONS

• Intermediate mass Higgs bosons viable if they have a 
sizable invisible width

•Simple models compatible with Higgs portal dark 
matter strongly constrained now

•Width can be probed using the                       
lineshape, more sensitive than VBF for large of Higgs 
masses 

h→ ZZ → 4�

if we find it...
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Thanks for your attention!
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Backup
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CMS, HIGGS TO 4 LEPTON
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LINESHAPE AT NLO

•using results of Papavassiliou & Pilaftsis
 
 

‣ Deviation small as long as width < 0.2 mass

‣ Sensitivity only at linear (muon) collider 
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MEASURING HIGGS PROPERTIES

•Understanding of modified Higgs cross section 
requires measurement of couplings to gauge bosons, 
fermions

•Combination of many channels, in particular also need 
VBF and associated Higgs production

• For us, a bit easier : What can we learn from the
                    lineshape?h→ ZZ → 4� Low, PS, Shaughnessy, Wagner, 2011
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HIGGS DECAYS (DIRAC N1)

WW

ZZ

N1N1

GG

bb
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HIGGS DECAY (MAJORANA N1)
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THE ACTUAL 4G-HIGGS EXCLUSION

•Reduction of 

branching 
fraction

• Includes en-
hanced

•With                  , resurrect 4G
Higgs masses below             

0.05

0.1

0.2

0.5

0.75

0.75

100 120 140 160 180 200
40

50

60

70

80

mh�GeV�
M
1�GeV

�
h→ gg

h→WW ∗

M1 ∼ 50 GeV

)2SM4 Higgs boson mass (GeV/c
100 200 300 400 500 600

SM
4

!/
95

%
!

Li
m

it 

-110

1

10

 ObservedSCL
! 1± Expected SCL
! 2± Expected SCL

Bayesian Observed

 ObservedSCL
! 1± Expected SCL
! 2± Expected SCL

Bayesian Observedgenerations of fermions
Standard model with 4

-1 = 1.1 fbintCombined, L
 = 7 TeVsCMS Preliminary,   ObservedSCL

! 1± Expected SCL
! 2± Expected SCL

Bayesian Observedgenerations of fermions
Standard model with 4

-1 = 1.1 fbintCombined, L
 = 7 TeVsCMS Preliminary,  

150 GeV


