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Higgs Decays in the SM
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The LEP constraint on the SM Higgs, my = 114.4 GeV, implies

o that the Higgs is heavy.



Higgs Decays in the SM
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The LEP constraint on the SM Higgs, my = 114.4 GeV, implies

o that the Higgs is heavy.

@ or, that the Higgs decays exotically! Note that the SM Higgs
width is tiny below the W~ W™ threshold.



Hiding the Higgs

A Hidden Higgs is light and has been produced at LEP, but was
missed because of exotic decays.

There are a couple of reasons to find this scenario appealing.

@ The precision electroweak fit favors a light Higgs,
mp ~ 87 32 GeV.

@ A heavy Higgs leads to the SUSY fine tuning problem.



Hiding the Higgs

A Hidden Higgs is light and has been produced at LEP, but was
missed because of exotic decays.

There are a couple of reasons to find this scenario appealing.

@ The precision electroweak fit favors a light Higgs,
mp ~ 87 32 GeV.

@ A heavy Higgs leads to the SUSY fine tuning problem.

And most interestingly to me,

© Its fun to think of dynamical alternatives to the standard
scenario! By pondering exotic Higgs decays that would have
been missed, we can learn to think more inclusively about new
physics at colliders.



Higgstrahlung at LEP

The most important constraints on a light Higgs come from LEP.
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The LEP experiments each collected ~ 400 pb™? at
Vs =195 — 209 GeV.
At these energies, a 100 GeV Higgs has o7 ~ 0.2 — 0.3 pb.

Therefore, if the Higgs is light, LEP has produced ~ O(100)
Higgstrahlung events.



LEP Higgs Constraints
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LEP Higgs Constraints

@ model independent limit,

mp, > 82 GeV ‘
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LEP Higgs Constraints

@ model independent limit,

mp, > 82 GeV

@ h— bblimit,

mp z 115 GeV

If mp ~ 100 GeV, then Br, .z < 0.2
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Hiding the Higgs in the NMSSM

A well known™ example of a Hidden Higgs can occur in the

NMSSM.
W > ASH,H, + kS3

There are two new Higgses beyond the MSSM, S = (s,a). The
pseudoscalar a is naturally light in the R and PQ symmetric limits.

For m, < 2my, the dominant Higgs decay can be h — 2a — 47,
which as of last year was only constrained to my, = 85 GeV.
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Aleph Search For h — 41

@ A group at NYU and INFN Pisa has just resurrected the
ALEPH analysis pipeline and searched for h — 2a — 4r.

@ They look for two
2 or 4 tracks.

‘T jets” each of which are required to have

@ The new limit is my, 2 107 GeV.*
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Other Hidden Models

There remain a couple of proposals that are nearly unconstrained.

They involve the higgs decaying to more SM states than usual,
resulting in final states which have been mostly overlooked.

e RPV MSSM: h — 6.
L. M. Carpenter, D. E. Kaplan, E.-J. Rhee, 0607204

e Burried Higgs and Charming Higgs: h — 4/.
B. Bellazzini, C. Csaki, A. Falkowski, A. Weiler, 0906.3026, 0910.3210
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e Higgs to Lepton Jets.



A Light Hidden Sector

Higgs decays provide an opportunity to probe the light spectrum,
which may include a new light hidden sector.

e Hidden Valleys: Light hidden sectors can dramatically
modify collider physics.

M. Strassler and K. Zurek 0604261, M. Strassler 0607160

e Dark Sector: Dark matter may be charged under a light
hidden sector as an explanation of the leptonic cosmic ray
anomalies.

N. Arkani-Hamed, D. Finkbeiner, T. Slatyer, and N. Weiner, 0810.0713
N. Arkani-Hamed and N. Weiner, 0810.0714



The Dark Sector

The dark sector setup:

Xdm

where G, is broken at the GeV scale.

Our sector talks to their sector through the kinetic mixing portal:

Lo gb#,,B“” e <1073



The Dark Sector

For the rest of this talk we can ignore dark matter...

Our sector talks to their sector through the kinetic mixing portal:

Lo gb#,,B“” e <1073



The Dark Sector

And we'll focus on the simplest case,

C. Cheung, LT. Wang, JTR, and I. Yavin, 0902.3246

Our sector talks to their sector through the kinetic mixing portal:

Lo gb#,,B“” e <1073



The Kinetic Mixing Portal

With kinetic mixing, we have the Lagrangian,
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Decaying to the Hidden Sector

Supersymmetric kinetic mixing includes gaugino mixing:
Lgaugino O —2ie A\ "0, A\g + h.c.
We remove the mixing by shifting the lighter gaugino:
Ap = A +€Ap
And we have the new interaction:
Voergds

This means that SM neutralinos can decay into the hidden sector,
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When a hidden sector state is produced, it cascade decays through
hidden sector interactions.
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When a hidden sector state is produced, it cascade decays through
hidden sector interactions.

The hidden photons decay back to the SM through the kinetic
mixing. The lepton jet can include missing energy.



When a hidden sector state is produced, it cascade decays through
hidden sector interactions.

The hidden photons decay back to the SM through the kinetic
mixing. The lepton jet can include missing energy.

The last step can be prompt, and the decay products are all very
boosted and collimated.
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Higgs Decays to the Hidden Sector

It is possible that the Higgs decays into the hidden sector with a
large branching fraction.

In order to keep a natural separation of scales, the Higgs should
not couple directly to the light states.

I will now discuss three scenarios where the Higgs decays into
weak-scale states that subsequently decay into the hidden sector.

@ Neutralino Channel
@ Sneutrino Channel

© Singlet Channel



Neutralino Channel

One possibility, is that the Higgs decays to a pair of light MSSM
neutralinos, h — 2 Ny, which then decay into the hidden sector.

If mp, < mz /2 then the Z also decays to neutralinos.

N M
B — — - Z

N, M

This is consistent with the LEP | measurement of 7 if
BrZ—>2N1 < 10_3.

This is possible, with h dominantly decaying to neutralinos, for Ny
mostly bino, because,

rh—>2N1 ~ (91”3/”4)2 and rZ—>2N1 ~ (GBH)4



Sneutrino Channel

The higgs can also decay to sneutrinos, through the D-term,
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Singlet Channel

Higgs decays can also be induced by the F-term of a singlet.

For example, consider the NMSSM, where S couples to x and ¥
with hidden sector charge +2.

W > S HyHy + S x + xh* + {h°

(S) gives a weak scale mass to y and Y.

VO RSP = |HHg+xx? T =

The last two operators of the superpotential cause x to decay into
the light scalars and fermions.

ng / vd
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Sample Decay

An example Higgs decay might look like:

N
he==-

Ny



Sample Decay

An example Higgs decay might look like:




Sample Decay

An example Higgs decay might look like:

The Higgs can produce lots of leptons together with missing
energy, even in the simplest U(1)y model.



Hiding the Higgs with Leptons?

How can this final state possibly hide a light Higgs?!

Of course there were no dedicated searches since this is a new idea.

At LEP:

@ Track counts were often used to identify hadronic events, and
events with many leptons could have been grouped with the
QCD background.

o At LEP-2 its easy to miss the 100 events without the right
dedicated search.

At the Tevatron:

@ Searches that look for leptons impose strong isolation
requirements and we'll see that lepton jets do not produce
isolated leptons.

@ The QCD jet background is 10° times bigger than the
Higgstrahlung cross-section.



Lepton Jet Monte Carlo

We've simulated h — Lepton Jets to estimate the sensitivity of
some existing LEP and Tevatron searches, using,

@ Madgraph for Higgs production and decay.
@ BRIDGE for hidden sector cascade.

© SlowlJet (our Mathematica code) for event analysis.

Caution: We do not simulate the detectors. The efficiency to
reconstruct nearby tracks and leptons is important for setting real
limits, and this requires full detector simulation.



Some Constraining Searches

In our paper we report signal efficiencies for 15 searches. Here |
focus on some of the ones we find to be most constraining,

@ LEP I: Acoplanar Jets and Monojets (ALEPH)
Phys. Lett. B 313, 299 (1993), Phys. Lett. B 334, 244 (1994)

@ LEP II: h— F+ (OPAL)
0707.0373

© LEP II: New NMSSM Hidden Higgs Search (ALEPH), h — 4t
1003.0705

Q Tevatron: NMSSM Hidden Higgs Search (D0), h — 4u,24 27
0905.3381

We will use these searches to determine the patterns of observables
(topology, multiplicities, MET) that are least constrained. After
learning this, it is straightforward to pick explicit models.



LEP I: Monojets and Acoplanar Jets

@ LEP | produced ~ 20 million Z's, constraining the Nl channel.
With BrZ—»2N1 ~ 107* — 1073 there were 500-5000 lepton jet
events per detector!

@ ALEPH searched for acoplanar jets and monojets. Lepton jet
events with these topologies must be suppressed by ~ 1073.

Acoplanar Jets MonoJet DiJet
Oaco = 139° Ooco = 177°

My = 30 GeV Mpz = 30 GeV My = 5 GeV

@ The model is safe if the neutralino is light, mg, <5 GeV.
Then, the neutralinos are boosted and all events consist of
two back-to-back Neutralino Jets, faking hadronic Z's.



LEP II: Invisible Higgs Search

o At LEP Il, each detector searched for an invisible Higgs
produced with a hadronic Z.

@ These searches can constrain lepton jets if they have too
much E1. They're also sensitive to (h — lepton jets)
produced with an invisible Z.

@ OPAL selects a wide window in visible mass around the Z,
50 GeV < Myis < 120 GeV.
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@ We find that some missing energy helps to evade this search,
and the least constrained models have Z1 ~ 50 GeV.



New ALEPH Search For h — 47

@ The new ALEPH search for a Hidden Higgs in the NMSSM,
discussed above, is also sensitive to lepton jets.

@ They look at events consistent with an invisible or leptonic Z,
and they require the rest of the event to reconstruct as two
jets using the JADE algorithm.

@ Each jet must have exactly 2 or 4 tracks. Their signal is 777~
with 1 and 3-pronged 7's.

@ This search is sensitive to h — Lepton Jets when the lepton
jets are sparse, and not sensitive to models where the lepton
jets have more than 4 tracks.



Tevatron

The Tevatron is also a good place to look for h — Lepton Jets.

SM Higgs production
o [fb]

102}

10 |

go.qq - th

TeVALHC Higgsworking group
TR R R

P R e
100 120 140 160 180 200

1

m, [GeV]

We simulate the three dominant channels for a light Higgs: gluon
fusion and Higgstrahlung with a W or Z.

With 5 fb~!, a 100 GeV higgs has been produced ~ 10000 times.



Tevatron Trilepton Searches

Trilepton searches are not sensitive to lepton jets because they
demand well-isolated leptons.

The isolation definitions usually use cones of AR < 0.4 and
demand at least one of the following,

Lepton pr

10%
@ Total Isolation: from all F

: Tevatron 5.0fbL
other leptons, tracks, and 10 ]

All Leptons

jets. 2
S I
@ Track Isolation: §'102§ 5 3
Ztrack pr < PI-}-laX P4 ol I_L! solated Leptons ]
© Calorimeter Isolation L ]
max ) i ) ) ) )
YEorYXET < E 1 i 5 £ i35 =5
pr [GeV]

The isolated leptons produced by lepton jets are too soft to be
detected by trilepton searches.



DO Search for h — 4p, 21127

@ In 2009, DO performed a search for the NMSSM process
h—2a— 4p,2u27.

@ They looked for muons accompanied by a nearby track within
AR < 1. The pair must be isolated in the tracker and
calorimeter.

@ This search is sensitive to lepton jets that include muons,
my, >2m,.

@ Lepton jets with more than 2 leptons spoil the isolation
definition and are safe. Lepton jets with exactly 2y must be
suppressed by ~ 1073,



How Existing Searches Constrain the Hidden Sector

To summarize, we have identified the characteristics of hidden
sector cascades such that h — Lepton Jets is the least constrained.

© Lots of leptons, mep > 4, per lepton jet.
@ Some (but not too much) missing energy, £+ ~ 50 GeV.
© A 2-lepton-jet topology.

© Either no muons, m,, < 2u, or enough leptons per lepton jet
such that 24 lepton jets are suppressed by 1073.

We're led to the topology h — 2 LJ + E 1. This is constrained by
an OPAL search for h — 2j + F1 (hep-ex/0209026), which sets a
20 limit of my ~ 100 GeV.



Benchmark Models

We have picked benchmark models for the neutralino and singlet
channels that satisfy the above searches by 20.

Neutralino Benchmark Singlet Benchmark
W, 3 1000, A
L Ny |
100, 5 50.0}
- S 1000
% 10 g 100
S S 5o
= s
I 10p 9%, |
0.5} ]
va Rt 100%y,
(1 | R NMSSM y  hid hid. hid.
MSSM hidden hidden hidden higgs ino photons

ino higgs photon
For both benchmarks, my = 100 GeV, and the singlet benchmark
includes muons.
The sneutrino channel has more difficulty accommodating a 100
GeV Higgs, because of the irreducible MET carried by neutrinos,

~ o~y

and the additional production channel, e~ et — Z* — D™,



Benchmark Branching Fractions

For each model, the Higgs dominantly decays to the hidden sector
for mp, = 100 GeV.
Neutralino Benchmark
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The branching ratio to bb is below the LEP limit of 20% for a 100

GeV Higgs.



Benchmark Lepton Count and Missing Energy

Number of Leptons Tevatron Missing Energy
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Searching for Lepton Jets

Dedicated searches at LEP and the Tevatron should be able to
discover, or rule out, a light Higgs decaying to lepton jets.

The challenge is to differentiate lepton jets from QCD jets.

@ Lepton jets are much narrower

than QCD jets @ Lepton/track pair invariant

masses are spiked at the hidden

1.0
o Lepton 3 photon mass(es).
~0.8
3
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@ The ECAL/HCAL ratio is larger for lepton jets than QCD jets.



Ongoing DO Search

Let me advertise some ongoing experimental work.

D0 members from Rutgers and SLAC are now searching for lepton
jets, using a lepton jet definition* that takes advantage of the
narrowness:

@ Two, or more, leptons with pr > 10 GeV separated by
AR <0.1.

@ The leptons should be isolated, Xp7 < 3 GeV, in an annulus
0.1 < AR < 0.4.

* C. Cheung, JTR, L.-T. Wang, and I. Yavin, 0909.0290



Lepton Jets at L3

L3 members at Princeton are looking for Higgs decays to lepton
jets.

This shows a Higgs decaying to lepton jets, from our neutralino
benchmark, reconstructed with the L3 software.



Conclusions

@ The Higgs may be hiding below 114 GeV if it decays
exotically.

@ A GeV-scale hidden sector can produce lepton jets, and the
Higgs can dominantly decay to lepton jets and be light,
mp < 100 GeV.

@ The models that are least constrained are all electron, have
many electrons per Higgs decay, some missing energy, and a
2-lepton-jet topology.

@ There could be 20000 lepton jet events at LEP I, 100 lepton
jet events at LEP II, and 10000 lepton jet events at the
Tevatron awaiting discovery.

o With 1 fb~! at 7 TeV, the LHC is about to produce 15000
light Higgses!
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LEP Il Cross-Sections and Luminosities
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Hadron Collider Cross-Sections
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Search Efficiencies

LEP-1 searches

Search Ref. | Obs. Bckg. Neutr. Sneutr. Singlet Max.
Monojets 401 | 3 2.8 <1 0 0 6.6
Acoplanar [ | o 0.2 <1 0 0 38

LEP-2 searches

Search Ref. | Obs. Bckg. Neutr. Sneutr. Singlet Max.
H— 41 0] | 2 5.09 1 8 1 5.0

H—F 34 | 8 11 2 5 3 7.5

H—-WW-2 |[50 | 0 0.3 2 <1 2 3.8

H—-Ww2t | [50] | 1 1.2 1 1 3 5.0

61 53 1 11 <1 4 <1 5.0

2j+ F(OPAL) | [54] | 13 19.8 8 35 7 7.8

2j+ E(ALEPH) | [55] | 19 159 7 3 1 14.5

2j+20+F 55 | 5 3 2 4 5 9.0
Tevatron searches

Search Ref. | Obs. Bckg. Neutr. Sneutr. Singlet Max.

Dark photon 56 7 8 ~1 <1 <1 7.9

H—d4p 57 | 2 22 0 0 2 5.8
Unified 31 42] | 1 147 <1 <1 <1 3.7
Low pr 31 143] 1 0.4 <1 <1 <1 5.4
Like-sign 21 41 | 13 7.8 1 <1 <1 14.7

Table 1: A compilation of relevant searches for constraining the Higgs-to-lepton jet events.
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