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Higgs Boson And Particle Physics

  The Standard Model (SM) is a successful theory of describing the basic 
elements of the Universe and their interactions (except gravity)

  But it contains two mysteries:
  The cause the the EW symmetry breaking
  The origin of the SM fermion masses

  Simultaneously explained by Higgs mechanism ⇒ The existence of a neutral, 

fundamental spin-0 particle in the SM: Higgs boson (with a mass of the EW scale)         

Thursday, February 2, 2012



Tao Liu (UC@Santa Barbara)                                                                        Hunting for the Higgs

3

  At hadron colliders the SM Higgs boson can be produced (left panel) and 
decay (right panel) in multiple ways 

  Different processes (production X decay) lead to different signatures

  We have multiple options for the selection of the Higgs-search strategies

  Guideline: more signal events, less backgrounds.

Production And Decay Of  The SM Higgs Boson
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Main Search Strategies at the Tevatron and the LHC

  High mass region: gg fusion X 
(WW + ZZ) (large branching ratios)

 Low mass region: gg fusion X γγ 
(clean background) 

  High mass region (> 140 GeV): gg 
fusion X WW (large branching ratio)  

 Low mass region (< 140 GeV): Higgs-
Strahlung X bƂ (large branching ratio) 

LHCTevatron

Thursday, February 2, 2012



Tao Liu (UC@Santa Barbara)                                                                        Hunting for the Higgs

5

 Progress at the LHC 

  High mass region
 excluded at 2σ C.L. up to ~ 600 GeV

 completely excluded, if combined with precision EW measurements (such as W 
boson mass which is a function of the Higgs boson mass) 

  Low mass region 
 will be covered at 2σ C.L. soon 
 ~ 2-3σ event excess was observed in the di-photon searches for mh ~ 125 GeV 

[Atlas+CMS, 2011]
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Questions

If the observed di-photon signal excess is caused by Higgs decay, 
can it be fit correctly by well-motivated new-physics models ?

If no SM Higgs boson is observed in the di-photon searches at the LHC, 
how to understand the Higgs mechanism from a theoretical perspective ?
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Basic Elements Of  The MSSM (For Later Purpose)

  Supersymmetry is one of the best-motivated theories beyond the SM 

  The Minimal Supersymmetric Standard Model (MSSM) predicts 3 neutral 
Higgs bosons (2 CP-even (h, H) and 1 CP-odd (A)) after the EW symmetry 
breaking

  One of them is ``SM-like’’: 

  it has similar gauge interactions to the SM Higgs, but possibly different 
decays 

  it contains up- and down-type components which interact with the up- (such as 
top quark) and down-type (such as bottom quark) SM fermions, respectively

  the collider signals in the SM Higgs searches (if there are any) are most likely 
to be mimicked by the SM-like Higgs boson (our focus) 

  usually (but not necessary) it is the light CP-even one (h)
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                     GeV
  A central value for the γγ rate mildly above the SM prediction

[Atlas + CMS, 2011]

Can The LHC Results Be Fit Well In Supersymmetry ? 

Two quantities to fit
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  Maximal mixing scenario: loop-corrections to the SM-like Higgs boson mass is 
maximized (                     ) 

  125 GeV Higgs => a large Xt or At is highly favored in the MSSM (very unlikely for 
the gauge-mediated SUSY breaking mechanism [Draper et. al., arXiv:1112.3068 [hep-ph]] )

  Small alpha scenario (                    ): the down-type component in the SM-like Higgs 
boson can be suppressed due to a cancellation between tree and loop mixing terms

125 GeV SM-like Higgs Boson In the MSSM 

Xt = At − µ
tan β

Xt =
√

6MS

Ms: common soft sfermion masses

At ∼ −µ
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Solution I: Suppressed bƂ Decay Width 

  Small alpha scenario in the MSSM: the down-type component in the SM-like Higgs boson 
can be suppressed [Carena et. al., Eur. Phys. J. C 26 (2003)]

 This effect can lead to enhanced di-photon rate [Carena, Draper, Liu, Wagner, Phys. Rev. D 83 (2011)]
 Note: such a cancelation is not a generic feature of supersymmetric theories (loop-level 

effect), but a result of tuning parameters
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Solution I: Suppressed bƂ Decay Width 

Such scenario, however, demands 
small values of the the CP-odd 
Higgs mass and large tan_beta and 
seems to be in conflict with non-
standard Higgs boson searches

  Small alpha scenario in the MSSM: the down-type component in the SM-like 
Higgs boson is suppressed because a cancellation occurs to the mixing term of the 
up- and down-type Higgs components [Carena et. al., Eur. Phys. J. C 26 (2003)]

This effect can lead to enhanced di-photon rate [Carena, Draper, Liu, Wagner, Phys. Rev. 
D 83 (2011)]

[Carena, Draper, Liu, Wagner, 
Phys. Rev. D 83 (2011)]
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  In the SM, the di-photon decay of the Higgs boson is a loop effect      
  It is mainly controlled by the W-mediated loop 
  In the MSSM, the extra contributions can come from loops 

mediated by charged superparticles, including charginos, sqarks 
(mainly stop quarks) and sleptons (mainly stau leptons)

Solution II: Enhanced γγ Decay Width 

σγγ = σhSM ×
Γγγ

Γbb̄+
Pi�=bb̄

SM Γi
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  Charginos: in the MSSM, they are coupled 
to the SM-like Higgs boson via their wino-
component only, which leads to a contribution 
opposite to the W-mediated one!      

  Stop quarks: their contribution have the 
same sigh as the W-mediated one; however, 
the gluon fusion Higgs production is 
suppressed (due to the top and stop loop 
cancellation).

  For example, see maximal-mixing scenario 
(right plot)  

Chargino Loop And Stop Loop

σγγ = σhSM ×
Γγγ

Γbb̄+
Pi�=bb̄

SM Γi

[Carena et. al., arXiv:
1112.3336 [hep-ph]]
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  Stau leptons: light staus, with 
large mixing, can induce a relevant 
enhancement of the branching ratio 
of the di-photon decay, without 
affecting gluon fusion Higgs 
production !   

  In the right plot (maximal mixing 
scenario), dashed lines represent 
the contours of equal stau mass; 
the yellow shaded area is the area 
satisfying the LEP bound on the 
lightest stau mass.

Stau Loop

σγγ = σhSM ×
Γγγ

Γbb̄+
Pi�=bb̄

SM Γi

[Carena et. al., arXiv:1112.3336 [hep-ph]]
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Questions

If the observed di-photon signal excess is caused by Higgs decay, 
can it be fit correctly by well-motivated new-physics models ?

If no SM Higgs boson is observed in the di-photon searches at the LHC, 
how to understand the Higgs mechanism from a theoretical perspective ?
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Solution I: Suppressed Gluon Fusion Process 

  Recall: in the SM, Br(h -> γγ) ~ 10^{-3}, => sensitivity arises from the 
large cross section of the gluon-fusion Higgs production

  Gluon-phobic scenario in the MSSM [Djouadi, Phys. Lett. B 435 (1998)]: loop 
cancellation => suppressed gluon-fusion process

top quarks -> stop quarks

Thursday, February 2, 2012
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Solution II: Enhanced bƂ Decay Width 

  A enhanced bƂ decay width is common 
(tree-level effect !) in supersymmetric 
theories 

  Tree-level vacuum stability condition 
=> enhanced mixing with the down-type 
component in the SM-like Higgs boson 

  E.g, maximal and minimal mixing 
(              ) scenarios in the MSSM x-axis: mass of the CP-odd Higgs mA

y-axis:  

bƂ mode potentially can play a complementary role to the γγ Higgs search 

σγγ = σhSM ×
Γγγ

Γbb̄+
Pi�=bb̄

SM Γi

[Carena, Draper, Liu and Wagner, Phys. Rev. D 83 (2011)]

Xt = 0
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An Illustration: Minimal Mixing Scenario 

[Carena, Draper, Liu, Wagner, Phys. Rev. D 83 (2011)]

Complementarity between the bƂ  and γγ 
searches ⇒ 

Almost the whole parameter region can be 
covered at 3σ C.L.

+ =
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MSSM Higgs: theoretical support is based on 
a series of studies on the complementarity 

between the bƂ  and γγ searches 

Run III2011

The sensitivity of bb mode is high 
[Draper, Liu, Wagner, Phys. Rev. D 
80 (2009); Phys. Rev. D 81 (2010)] 

Run III Project At The Tevatron

Run though 2014, collecting 
16/fb data for each detector 
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t̃2

t̃1

b̄

b

!̃0
1

t

h

[Berenstein, Liu and Perkins, in progress]

mt̃2 < mg̃

  Motivation: the background events containing multiple (> or = 4) b-jets are few. If the 
SM-like Higgs boson can be produced in association with some extra b-jets, then ...

  This can be achieved in supersymmetry: A heavy stop with                      mainly decays 
into hSM or Z + a light stop quark. Then the pair production of the heavy stop ⇒ SM-
like Higgs boson + extra b-jets 

  Multiple (> or = 4) b-jets + large missing energy  ⇒ suppressed SM and reducible 
supersymmetric backgrounds ! 

Higgs cat and background raccoons

New Strategy For The bƂ Mode Search At The LHC 
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Some Preliminary Results

Local sensitivity 

> 5σ for 60/fb at 14 TeV LHC  
  Events containing no hSM; 

  Events containing hSM, but with 
a wrong hSM reconstruction

Main backgrounds

[Berenstein, Liu and Perkins, in progress]
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  Nonstandard decay: decay into particles 
absent in the SM 

  It can suppress all standard decay modes

  Allow a light SM-like Higgs boson (<100 GeV)

  experimentally, a better fit to the precision 
EW measurements

  theoretically, EW symmetry breaking more 
naturally  

  Two examples in the Next-to-MSSM: R-
symmetry dictated scenario (old story) vs. 
Peccei-Quinn symmetry dictated scenario 
(new paradigm) 24

Solution III: Non-standard Higgs Physics

[LEP+Tevatron+LHC, 2011]
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Basic Elements Of  The NMSSM 

  The NMSSM predicts 5 neutral Higgs bosons (2 more than the MSSM does): 3 
CP-even mass eigenstates (h1, h2, h3) and 2 CP-odd ones (a1, a2) 

  In the NMSSM, there exist two (approximate) symmetry-dictated scenarios: one 
is by R symmetry (not R-parity), another one is by Peccei-Quinn (PQ) symmetry

  These global U(1) symmetries are spontaneously broken via the Higgs mechanism 
during the EW symmetry breaking, with a₁ playing a role of pseudo-Goldstone 
boson. So the mass of a₁ can be much smaller than the EW scale

  hSM → a₁a₁ becomes kinematically allowed 

NMSSM 

(Next-to-minimal 
supersymmetric version 

of the SM)

=
MSSM particle spectrum

One additional singlet supermultiplet 

Symmetry constraints

+

+
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Old Story: R-symmetry Dictated Scenario

  h₁ → a₁a₁ is typically dominant
  Current experimental  bounds on this scenario are pretty strong

486 The OPAL Collaboration: Search for a low mass CP-odd Higgs boson in e+e! collisions

e+

e!

Z0, !

Z0

h0

A0

A0

c̄, g, "!

c, g, "+

c̄, g, "!

c, g, "+

#̄, e+, µ+

#, e!, µ!

Fig. 1. The Feynman diagram for the processes considered in
this analysis

centre-of-mass energy in each data subsample described in
Sect. 2.

We study only h0Z0 production since, in the parame-
ter space region of interest for our analysis, its cross-sec-
tion is about ten times larger than that for h0A0 pro-
duction in the MSSM. The h0 is forced to decay into two
A0 bosons, h0 ! A0A0, and each A0 can decay into any of
the following channels: cc̄, !+!! and gg. Resonances are
not included in the simulation of A0 decays and all decay
channels of the ! are used. For example, in the MSSM
no-mixing scenario, for 3.3 GeV/c2 < mA < 9.5 GeV/c2,
the A0 branching fractions into cc̄ and !+!! are 0.5-0.9
and 0.4-0.05, depending on the value of tan". Below the
!+!! threshold, the A0 decays nearly exclusively into a
gluon pair. Two di!erent Z0 decay modes are investigated:
Z0 ! ##̄ and Z0 ! $+$! with $ =e or µ. For each of the
Z0 decay modes, the six final states obtained by all possi-
ble combinations of the A0 decays to gg, cc̄ and !+!! have
been analysed. In the no-mixing MSSM scenario below the
production threshold for bb̄, these final states account for
between 75% and 100% of the total decays of the A0 bo-
son [17]. The corresponding Feynman diagram is given in
Fig. 1.

Monte Carlo samples were generated with mA=2, 4, 6,
9 and 11 GeV/c2 and for mh = 45, 60, 70, 80, 86 GeV/c2

at each of the four centre-of-mass energies considered. For
each [mA, mh] combination and each Z0 decay channel
studied, we produced 3000 events for each of the six pos-
sible final states using the HZHA2 [18] generator and the
full OPAL detector simulation [19].

The branching fraction BR(h0 ! A0A0) is relatively
constant for mA in the range of 1 to 11 GeV/c2 for a given
value of mh. The e+e! ! h0Z0 production cross-section
does not depend strongly on mh in the range 45 " mh "
86 GeV/c2 but increases with increasing tan" values.

Monte Carlo simulations are also used to study the var-
ious Standard Model background processes. The 2-fermion
events, e+e! ! qq̄, are simulated with the KK2f genera-
tor using CEEX [20] for the modelling of the initial state
radiation and PYTHIA 6.125 [21] for the fragmentation
and hadronisation processes. Bhabha events are gener-
ated with the BHWIDE [22] and TEEGG [23] genera-
tors, e+e! ! µ+µ! and e+e! ! !+!! events are sim-
ulated with the KK2f generator using CEEX and ISR-
FSR interference. The 4-fermion samples are generated
with grc4f [24] for the $$$$, $$qq̄, $#qq̄, ##qq̄ and qq̄qq̄
channels, where $ = e, µ, ! . One 2-photon sample gen-
erated at 200 GeV is used for centre-of-mass energies of

189, 196 and 200 GeV and the resulting cross-sections nor-
malised according to the centre-of-mass energy. An inde-
pendent sample is used at 206 GeV. The various 2-photon
processes are modelled by the Vermaseren [25], HERWIG
[26], Phojet [27] and F2GEN [28] generators. Typically, at
each centre-of-mass energy, the generated 4-fermion and
2-fermion samples are 30 times larger than the data sam-
ple, and the 2-photon sample is two to ten times larger
than the data.

4 Event selection

In the low A0 mass region covered by this search the sep-
aration between the decay products of the A0 tends to
be small, and they are generally reconstructed as a single
jet. The final event topology consists of two jets recoiling
against the Z0 decay products. The invariant mass of a
single jet reproduces the mass of the A0 while the mass
of the combined two-jet system reproduces the mass of
the h0. A mass resolution between 0.5 and 3.0 GeV/c2

is achieved for mA, while for mh the resolution is about
8–16 GeV/c2, all depending on the Z0 decay mode and
the Higgs boson masses.

We perform three separate analyses based on three dif-
ferent Z0 decay channels: Z0 ! ##̄, µ+µ! and e+e!. The
event selection criteria are described in detail in the next
two sections. After this initial selection, a likelihood vari-
able is constructed for each channel to increase the sensi-
tivity. This likelihood variable is used to perform a scan
and set limits. The same selection is used for all A0 decay
channels.

4.1 The Z0 ! !!̄ channel

Events in the process h0Z0 ! A0A0##̄ are characterised
by two jets recoiling against an invisible Z0. Each event is
forced into a two-jet topology using the Durham algorithm
[15] and a 1-constraint kinematic fit is performed, requir-
ing energy and momentum conservation and forcing the
missing mass to be equal to mZ. Background from cosmic
ray events is removed by requiring at least one track per
event and applying the two cosmic-ray vetoes described in
[29] and [30]. The visible invariant mass is also required
to exceed 5 GeV/c2 to match a corresponding cut used in
the generation for the 2-photon MC samples. This cut has
no e!ect on this analysis since it is far from the region of
interest for the signal.

The selection criteria used to search for h0Z0 ! A0A0

##̄ are mainly based on event shape variables and recon-
structed masses. The first four preselection cuts guaran-
tee general data quality, confinement within the detector
region and rejection of 2-photon background. The other
more specific selection criteria aim mostly at rejecting the
other backgrounds. The cuts used are described below:
1. The fraction of total visible energy in the forward de-

tectors must be less than 60%, the event transverse
momentum measured w.r.t. the beam axis must ex-
ceed 3 GeV and the visible energy of the event must
exceed 20% of the centre-of-mass energy.

LEP searches

h2

h1, a1

h1, a1

µ!, !!

µ+, !+

µ!

µ+

Tevatron searches 

[Dobrescu et al., Phys. Rev. D 63 (2001); Dermisek et al., Phys. Rev. Lett. 95 (2005)] 
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  λ: a mixing parameter of the singlet and the MSSM Higgs supermultiplets 
    ε: proportional to (Aλ / μ ∗ tanβ) − 1, with Aλ being a SUSY breaking parameter   
  Observation I: the vacua are not stable for a large ε value:                              small, 

positive quantities
  Observation II: for λ < 0.3 (blue + red points), mh₁, mχ₁ ~ 10 GeV or below, h₁, a₁ and 
χ₁ are singlet-like or singlino-like and h₂ is SM-like

DLH DLH

Red Points: Blue Points:

New Paradigm: PQ-symmetry Dictated Scenario

[Draper, Liu, Wagner, Wang and Zhang, Phys. Rev. Lett. 106 (2011)]

m2
h1

= −4ε2v2+

λ < 0.15
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DLH DLH

Red Points: Blue Points:

New Paradigm: PQ-symmetry Dictated Scenario

[Draper, Liu, Wagner, Wang and Zhang, Phys. Rev. Lett. 106 (2011)]

λ < 0.15

``Dark Light-Higgs’’ (DLH) Scenario  

Nearly PQ-symmetry limit + Moderate or small λ: λ < or ~ 0.3

Thursday, February 2, 2012
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Novel Nonstandard Higgs Decay

 (GeV)
2hm

80 85 90 95 100 105 110 115 120 125

 (
G

e
V

)
2

!
m

0

20

40

60

80

100

120

140

 dominant
1

!
1

!"2h
 dominant

2
!

1
!"2h

 dominant
2

!
2

!"2h

 dominantb b"2h

 (GeV)
2hm

80 85 90 95 100 105 110 115 120 125

 (
G

e
V

)
2

!
m

0

20

40

60

80

100

120

140

[Draper, Liu, Wagner, Wang and Zhang, Phys. Rev. Lett. 106 (2011)] 

|yh2h1h1 | = |yh2a1a1 | =
λvmZε√

2µ
  bƂ mode is dominant sometimes, but this is not a generic feature
  For a larger parameter region (green), h₂ → χ₁ +  χ₂ becomes dominant (new !)

 h₂ → h₁h₁, a₁a₁ are generically suppressed (unlike the R-symmetry dictated scenario !)

recall: ε is required to be 
small by vacua stability
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Decay Topology Of  SM-like Higgs Boson
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Collider Signature

A pair of soft, collimated leptons or quarks + MET + X

[Huang, Liu, Su, Wagner, Wang and Yu, in progress]
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 New Search Strategies Required

  The SM-like Higgs boson searches: h₂ production + h₁, a₁ decay  

  μμ mode: W + h₂, with W → l + ν, h₁ → μμ; 
  signature: tri-leptons + MET; main background: W+ γ*, with γ* → μμ 

) (GeV)-
µ +µm(
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 (
fb
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!
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12

14
Signal

Background

  Discovery is possible for 5/fb data at 7TeV LHC ! (This measurement is 
being pursed at the LHC and the Tevatron simultaneously by the ATLAS and 
the D0 collaborations)

  di-τ and di-b analyses: much more complicated, jet substructure tool
  Analysis is in progress 

[Huang, Liu, Su, Wagner, Wang and Yu, in progress]
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Conclusions: No Conclusions !

If the Higgs boson is finally discovered at the LHC, how to 
extract the potential new physics behind it? 

New-physics elephant

Higgs physics

Direct search 
of new physics

Top 
physics

Flavor 
physics

Precision EW 
measurements

Particle  
cosmology
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[Xenon 100, 
Phys. Rev. Lett. 

107 (2011)]

Dark Light-Higgs

Recall: χ₁ ~O(1-10) GeV - natural 
light DM candidate (The first one 

in the NMSSM !)

 
  MDM ~ O(1-10) GeV
  Is there any supersymmetric bench-

mark scenario for light dark matter?

  MDM ~ O(100) GeV
  Benchmark scenario: MSSM LSP

Current Progress On The DM Direct Detection 
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[Xenon 100, 
Phys. Rev. Lett. 

107 (2011)]
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A Novel Supersymmetric Light DM Paradigm ! 

!1 !1

hi

N N

!1 !1

q̃

N N

DM direct detection: dominated by a t-
channel process with h₁ being a mediator

(                  , can be greatly enhanced by 
a small mh₁)

  Current experimental bounds are applied 

  Blue points are within a 3 sigma range of the observed relic density.

        (direct detection cross section) varies within a big range

[Draper, Liu, Wagner, Wang and Zhang, Phys. Rev. Lett. 106 (2011)]

σSI

Thursday, February 2, 2012



Tao Liu (UC@Santa Barbara)                                                          Dark Light Higgs

36

No Strong Constraints from Cosmic Ray Exps.
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Red solid line: resonance region, where the DM particles 
annihilation is maximized

Black solid curve: thermal distribution of DM particles
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  ``One thing we know for sure: such large cross sections can not be 
realized within the MSSM’’, [Zurek, PCTS Workshop, ``Dark Matter: Direct 
Detection and Theoretical Developments’’, Princeton, Nov. 2010] 

  ``If COGENT excess were caused by Dark Matter, we would know only 
one thing : Within the NMSSM, we would know that the Dark Matter is not 
singlino-like. The cross section is simply too small’’, [Ellwanger, Plenary Talk, 
SUSY 2010]     

  ``After imposing LEP constraints the lightest neutralino is always bino-
like and elastic cross sections as large as required by CoGeNT and 
DAMA/LIBRA are not possible in the NMSSM’’, [Belikov, Gunion and Hooper, 
arXiv:1009.2555 [hep-ph]]
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 Status at the Tevatron

[arXiv:1107.5518[hep-ex]]

Controlled by bƂ searches WW pole region  
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