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Searches for new decay modes of the 125 GeV Higgs boson

What is exotic?                                       

Signature based approach:

Rare decays
to SM particles

Happening in the SM with
BR ≤ O(10-5)

 Meson + photon
 Meson + massive gauge boson
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Searches for new decay modes of the 125 GeV Higgs boson

What is exotic?                                       

Signature based approach:

Rare decays
to SM particles

Prompt decays 
to NP(+SM) particles

Displaced decays

Happening in the SM with
BR ≤ O(10-5)

 Meson + photon
 Meson + massive gauge boson

 With multiple resonances 
and no MET

 With MET

to long lived NP particles
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Some reference                                      
LHC Higgs cross section working group

+ several research papers
by many authors here

Exotic Decays 
of the 125 GeV Higgs Boson
 
1312.4992, 
Survey paper on H exotic decays

D. Curtin, R. Essig, SG, P. Jaiswal, 
A. Katz, T. Liu, Z. Liu, D. McKeen, 
J.Shelton, M. Strassler, Z. Surujon, 
B. Tweedie, Y-M. Zhong
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Higgs rare decays                                    

Why are they important?

Access to (light) Yukawa couplings

Examples:

Photon final state Massive gauge boson 
final state

Eventually...

Much stronger 
constraints 
from low energy 
flavor observables

For example for the decay to J/Ψ: 

Bodwin et al. 1407.6695

... ...
...
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Experimental status on rare decays          

ATLAS, 1501.03276

CMS, 1507.03031

(~500 times the SM prediction)

(~500 times,
~5 orders of magnitude 
larger than the SM predictions)
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Bounds on the Yukawa couplings             

J/Ψ

Perez, Soreq, Stamou, Tobioka, 1503.00290

HL/LHC

ATL-PHYS-PUB-2015-043
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Bounds on the Yukawa couplings             

J/Ψ

Perez, Soreq, Stamou, Tobioka, 1503.00290

HL/LHC

ATL-PHYS-PUB-2015-043

In an ideal world, 
if we can reduce the bound to 
~2 orders of magnitude
larger than the SM prediction,
we could probe

Konig, Neubert, 1505.03870
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Open questions + challenges                   

E) What other channels can we access experimentally?

Extraction of info on the strange Yukawa is even more difficult

T) What models can predict a large enhancement 
of the first and second generation Yukawa couplings,
while being consistent with data?

From Yellow report 4

By Kostas Nikolopoulos
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Not everything is rare...                            

In general, probing particles that are 
not charged under the SM gauge symmetries 
is challenging for the LHC

"Dark particles"

The Higgs offers a unique opportunity
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Not everything is rare...                            

In general, probing particles that are 
not charged under the SM gauge symmetries 
is challenging for the LHC

"Dark particles"

The Higgs offers a unique opportunity

From the model point of view, it is very easy to couple the Higgs 
with a new dark particle.
Small couplings needed to have a sizable BR (the SM Higgs is very narrow!)

Simple example:
new light singlet scalar
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The Higgs width                                       
The extraction of info on the Higgs width has typically 
some model dependence at the LHC (/hadron colliders)

+ assumption that there are 
no new production modes of the Higgs

ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002

 Off-shell measurements:

Γ
H
 < 4.2 Γ

H,SM

     < (4.8 – 7.7) Γ
H,SM

CMS-PAS-HIG-14-002

ATLAS-CONF-2014-042

Caola, Melnikov, 
1307.4935
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The Higgs width                                       
The extraction of info on the Higgs width has typically 
some model dependence at the LHC (/hadron colliders)

+ assumption that there are 
no new production modes of the Higgs

ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002

 Off-shell measurements:

Γ
H
 < 4.2 Γ

H,SM

     < (4.8 – 7.7) Γ
H,SM

CMS-PAS-HIG-14-002

ATLAS-CONF-2014-042

For the future:

 interference between 
gg → γγ and gg → h → γγ

Γ
h 
~ 15 ₓ Γ

SM

 e+ e- colliders (ILC) can set a 
model independent bound: O(5%)

Dixon, Li, 1305.3854

HL-LHC

Caola, Melnikov, 
1307.4935
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The Higgs width                                       
The extraction of info on the Higgs width has typically 
some model dependence at the LHC (/hadron colliders)

+ assumption that there are 
no new production modes of the Higgs

Goal: 
Directly probe as many new decay modes 
as possible with BR ≤ O(10%)

ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002

 Off-shell measurements:

Γ
H
 < 4.2 Γ

H,SM

     < (4.8 – 7.7) Γ
H,SM

CMS-PAS-HIG-14-002

ATLAS-CONF-2014-042

For the future:

 interference between 
gg → γγ and gg → h → γγ

Γ
h 
~ 15 ₓ Γ

SM

 e+ e- colliders (ILC) can set a 
model independent bound: O(5%)

Dixon, Li, 1305.3854

HL-LHC

Caola, Melnikov, 
1307.4935
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SUSY:

 NMSSM
- (approximate) R-symmetric limit: light pseudoscalar (a). 
  Signatures:  h→aa→(f f)(f' f')

- (approximate) PQ-symmetric limit: light pseudoscalar (a), scalar (s), singlino (χ
1
). 

  (Main) signatures: h→χ
1
χ

2
→ff+MET

 Gauge mediated SUSY models
Light Bino (χ

1
) with signatures h→χ

1
χ

1
→(γ G)(γ G)

Neutral naturalness theories:

       ~~

From a model point of view...                    
Several well motivated theories lead to sizable exotic BRs  

Theories for dark matter:
 Inelastic DM models or (more in general) models of new gauge interactions

 Folded SUSY, Twin Higgs models, fraternal twin Higgs model: 
light displaced glueballs from Higgs decays
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Z
D

Z

Z

s

s

L

N

Thinking about simplified models             
We can write down only a limited set of renormalizable operators 
connecting SM particles to new dark particles:

Typical signatures:
Multi-(resonant) leptons
Multi-(resonant) leptons + MET

In general, nature does not guarantee minimality
Crucial to cast a wide net of searches!

Multi-quark/lepton resonances, 
typically involving heavy flavor

(Multi) lepton + MET

Displacement is a possibility, depending on the model
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Resonant searches with no MET (1)       

h → aa → 4μ            CMS, 1506.00424
        aa → 4τ            CMS, 1510.06534
        aa → 2μ 2τ       CMS-PAS-HIG-15-011, ATLAS 1505.01609
        aa → 2μ 2b      CMS-PAS-GIH-14-41
        aa → 4γ           ATLAS, 1509.05051

h → Z(Z
D
) Z

D
 → 4l    ATLAS, 1505.07645

Bounds on the BRs are in the range ~50% - few x 10-5 (7/8 TeV data)

See also talk by Bill, 
last TuesdaySeveral searches are now publicly available

Prompt decays 
to NP(+SM) particles

 With multiple 
 resonances 

    and no MET

 With MET
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Resonant searches with no MET (1)       
See also talk by Bill, 
last Tuesday

Bounds on the BRs are in the range ~50% - few x 10-5 (7/8 TeV data)

h → aa → 4τ

CMS, 1510.06534
(4-8) GeV mass range

Several searches are now publicly available
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Resonant searches with no MET (1)       
Several searches are now publicly available

Bounds on the BRs are in the range ~50% - few x 10-5 (7/8 TeV data)

See also talk by Bill, 
last Tuesday

Side remark: 
        this channel will be more and 
        more interesting having more 
        and more data:

h → Z
D
 Z

D
 → 4l 

h → aa → 4μ            CMS, 1506.00424
        aa → 4τ            CMS, 1510.06534
        aa → 2μ 2τ       CMS-PAS-HIG-15-011, ATLAS 1505.01609
        aa → 2μ 2b      CMS-PAS-GIH-14-41
        aa → 4γ           ATLAS, 1509.05051

h → Z(Z
D
) Z

D
 → 4l    ATLAS, 1505.07645

Prompt decays 
to NP(+SM) particles

 With multiple 
 resonances 

    and no MET

 With MET
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Resonant searches with no MET (2)       
These searches can be interpreted in our favorite model

E
xa

m
pl

e:

From 
Curtin et al. 
1312.4992  
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Resonant searches with no MET (2)       

Question for experimentalists:
Need more benchmark models for combining the several searches?

Wish list: - what about 4b, 2b 2 tau signatures?
               - coverage of a as broad as possible mass range

These searches can be interpreted in our favorite model

Open questions: 
usefulness of VBF + (soft) X triggers for more background limited signatures?

"Homework"

E
xa

m
pl

e:

From 
Curtin et al. 
1312.4992  
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(Non) Resonance searches with MET      
Much less is known...

It is more complicated to test if the signature is coming from the Higgs

h → MET is the typical channel 

What about semi-invisible channels?           

h → N
2 
N

1 
→ 1 photon +MET

h → N
2 
N

2 
→ 2 photons +MET

ATLAS-CONF-2015-001,
 CMS,1507.00359 

Bounds on the BRs are up to ~5% (7+8 TeV data)

Prompt decays 
to NP(+SM) particles

 With multiple 
 resonances 

    and no MET

 With MET
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(Non) Resonance searches with MET      
Much less is known...

Additional possible channels:

It is more complicated to test if the signature is coming from the Higgs

Thoughts on the experimental prospects?

My feeling: Benchmark models need to be better developed

h → 2l + MET,     h → 2τ + MET,     h → 2b + MET

It would be nice to set a wide net to also capture 
those signatures with MET coming from mis-measurements

Bounds on the BRs are up to ~5% (7+8 TeV data)

Prompt decays 
to NP(+SM) particles

 With multiple 
 resonances 

    and no MET

 With MET

h → MET is the typical channel 

What about semi-invisible channels?           

h → N
2 
N

1 
→ 1 photon +MET

h → N
2 
N

2 
→ 2 photons +MET

ATLAS-CONF-2015-001,
 CMS,1507.00359 

"Homework"
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Displaced decays (theory)                        
Meta-stable particles with proper lifetimes cτ ≥ μm arise in a large variety of
BSM scenarios:

- Neutral naturalness (signatures with heavy flavors)   
- Dark photon models with small kinetic mixing (signatures with multi-leptons)
- Gauge mediated SUSY models (signatures with photons)

Displaced decays

to long lived NP particles
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Displaced decays (theory)                        
Meta-stable particles with proper lifetimes cτ ≥ μm arise in a large variety of
BSM scenarios:

- Neutral naturalness (signatures with heavy flavors)   
- Dark photon models with small kinetic mixing (signatures with multi-leptons)
- Gauge mediated SUSY models (signatures with photons)

Hierarchy problem addressed by introducing top partners that 
cancel the quadratic dependence of the Higgs mass:

- Top partner related to the top by a continuous symmetry: e.g. SUSY

- In neutral naturalness theories:

Not commuting 
with the SM color

Examples:
Folded SUSY,              Twin Higgs,              Fraternal twin Higgs

Hidden QCD

with hidden glueballs:
the lightest preferred in (10-60) GeV

Burdman et al, 0609152         Chacko et al, 0506256     Craig et al, 1501.05310   

Displaced decays

to long lived NP particles
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Displaced decays                                     

Thanks to the mixing 
with the Higgs

Curtin, Verhaaren, 
1506.06141
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Displaced decays                                     

Thanks to the mixing 
with the Higgs

Curtin, Verhaaren, 
1506.06141

Csaki, Kuflik,
Lombardo, Slone,
1508.01522
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Displaced decays                                     

Thanks to the mixing 
with the Higgs

Curtin, Verhaaren, 
1506.06141

Csaki, Kuflik,
Lombardo, Slone,
1508.01522

Questions for future searches:

Existing methods focus on
- 2 displaced objects or 1 displaced object & high-threshold associated object
- displacement longer than ~ 1mm-1cm

Is it possible to perform complementary searches with
- only 1 displaced object + thresholds suitable for the Higgs
- very short displacements (up to ~50 μm?)
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Thoughts about the future                        
The LHC is going to be a Higgs factory
The production cross section increases by a factor of ~3
O(108) Higgs bosons will be produced with 3000fb-1 data 

More and more 
statistics

Access to sub-leading
production modes
(ex. tth)
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Thoughts about the future                        
The LHC is going to be a Higgs factory
The production cross section increases by a factor of ~3
O(108) Higgs bosons will be produced with 3000fb-1 data 

BUT
Triggers+
thresholds

Curtin, Essig, SG, Shelton, 1412.0018

Example: 
h → Z

D
 Z

D
 → 4l 

Access to sub-leading
production modes
(ex. tth)
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Conclusions/Take home messages         

The search for Higgs exotic decays give us better insights 
on the nature of the Higgs boson

Higgs rare decays                         New probe of (light) Yukawa couplings

Higgs decays to NP particles              To discover (light) singlet states

Theory) Several BSM models predict sizable exotic BRs
Experiment) Several searches ongoing 

and many open questions...
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Z
D

 Simplified model:

 Free parameters:

 Z
D
 pheno: - Narrow resonance since

                   - Branching ratios well understood:  

Dependence
on m

ZD
, only

Curtin, Essig, SG,
Shelton, 1412.0018

Probing dark Z gauge bosons                 



  

                                     

Backup                                                                                                                                                              S.Gori

SM prediction for rare decays                

From Yellow report 4
Neubert, Petriello

From Yellow report 4
Isidori, Trott
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 ATLAS-CONF-2015-001

VBF Higgs,
h → N

2 
N

1 
→ 1 photon +MET

h → N
2 
N

2 
→ 2 photons +MET

 

Increasing effort from the ATLAS and CMS collaborations

1-photon

2-photon

Experimental searches                             
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 CMS, 1507.00359
gg Higgs and Zh,
h → N

2 
N

1 
→ 1 photon +MET

h → N
2 
N

2 
→ 2 photons +MET

Eventually displaced
 

 ATLAS-CONF-2015-001

Increasing effort from the ATLAS and CMS collaborations

VBF Higgs,
h → N

2 
N

1 
→ 1 photon +MET

h → N
2 
N

2 
→ 2 photons +MET

 

Experimental searches                             
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 ATLAS, 1505.01609 

h → aa → μμττ

 CMS, 1507.00359 

 ATLAS-CONF-2015-001

Increasing effort from the ATLAS and CMS collaborations

gg Higgs and Zh,
h → N

2 
N

1 
→ 1 photon +MET

h → N
2 
N

2 
→ 2 photons +MET

Eventually displaced
 

VBF Higgs,
h → N

2 
N

1 
→ 1 photon +MET

h → N
2 
N

2 
→ 2 photons +MET

 

Experimental searches                             
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