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      The LHC experiments have discovered a new particle

•   The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ, ZZ and WW 
   with rates roughly consistent with those predicted for the SM Higgs boson.
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ → 4� analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4� distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H → ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4� < 130.5 GeV).

Channel 4e 4µ 2e2µ 4�
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

−0.8 0.9+0.7
−0.6 2.3+1.8

−1.4 4.4+2.2
−1.7

All backgrounds (110 < m4� < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4� < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured

bands represent the ±1 and ±2 standard deviation uncertainties on the background estimate.

The inset shows the central part of the unweighted invariant mass distribution.

18 6 Decay modes with low mass resolution

Table 4: Observed number of events, background estimates and signal predictions for mH =
125 GeV in each category of the WW analysis of the 8 TeV data set. All the selection require-
ments have been applied. The combined experimental and theoretical, systematic and statis-
tical uncertainties are shown. The Zγ process includes the dimuon, dielectron, and ττ → ��
final states.

Category: 0-jet eµ 0-jet �� 1-jet eµ 1-jet �� 2-jet eµ 2-jet ��
WW 87.6± 9.5 60.4± 6.7 19.5± 3.7 9.7± 1.9 0.4± 0.1 0.3± 0.1
WZ + ZZ + Zγ 2.2± 0.2 37.7± 12.5 2.4± 0.3 8.7± 4.9 0.1± 0.0 3.1± 1.8
Top 9.3± 2.7 1.9± 0.5 22.3± 2.0 9.5± 1.1 3.4± 1.9 2.0± 1.2
W + jets 19.1± 7.2 10.8± 4.3 11.7± 4.6 3.9± 1.7 0.3± 0.3 0.0± 0.0
Wγ(∗) 6.0± 2.3 4.6± 2.5 5.9± 3.2 1.3± 1.2 0.0± 0.0 0.0± 0.0
All backgrounds 124.2± 12.4 115.5± 15.0 61.7± 7.0 33.1± 5.7 4.1± 1.9 5.4± 2.2
Signal (mH = 125 GeV) 23.9± 5.2 14.9± 3.3 10.3± 3.0 4.4± 1.3 1.5± 0.2 0.8± 0.1
Data 158 123 54 43 6 7
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Figure 7: Distribution of m�� for the zero-jet eµ category in the H → WW search at 8 TeV.
The signal expected from a Higgs boson with a mass mH = 125 GeV is shown added to the
background.
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      The LHC experiments have discovered a new particle

•   The observed decay modes indicate that the new particle is a boson.

• The evidence is strong that the new particle decays to γγ, ZZ and WW 
   with rates roughly consistent with those predicted for the SM Higgs boson.

analysis include those associated with interference ef-
fects between tt̄ and single top, initial state an final state
radiation, b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on the Wγ
background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and ±50% for the 1-jet bin. For
Wγ∗ with m�� < 7 GeV, a k-factor of 1.3±0.3 is applied
to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for
Wγ∗/WZ

(∗) with m�� > 7 GeV is 1.5 ± 0.5. These un-
certainties affect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75 mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. The eµ and µe chan-
nels are combined. The uncertainties shown are the combination of
the statistical and all systematic uncertainties, taking into account the
constraints from control samples. For the 2-jet analysis, backgrounds
with fewer than 0.01 expected events are marked with ‘-’.

0-jet 1-jet 2-jet
Signal 20± 4 5± 2 0.34± 0.07
WW 101± 13 12± 5 0.10± 0.14
WZ

(∗)/ZZ/Wγ(∗) 12± 3 1.9± 1.1 0.10± 0.10
tt̄ 8± 2 6± 2 0.15± 0.10
tW/tb/tqb 3.4± 1.5 3.7± 1.6 -
Z/γ∗ + jets 1.9± 1.3 0.10± 0.10 -
W + jets 15± 7 2± 1 -
Total Background 142± 16 26± 6 0.35± 0.18
Observed 185 38 0

6.4. Results

Table 5 shows the numbers of events expected from
a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75 mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.

The statistical analysis of the data employs a binned
likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe
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Figure 6: Distribution of the transverse mass, mT, in the 0-jet and 1-jet
analyses with both eµ and µe channels combined, for events satisfying
all selection criteria. The expected signal for mH = 125 GeV is shown
stacked on top of the background prediction. The W+jets background
is estimated from data, and WW and top background MC predictions
are normalised to the data using control regions. The hashed area
indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT
are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts as
a scale factor on the total number of events predicted by
the Standard Model for the Higgs boson signal. This
factor is defined such that µ = 0 corresponds to the
background-only hypothesis and µ = 1 corresponds
to the SM Higgs boson signal in addition to the back-
ground. Hypothesized values of µ are tested with a
statistic λ(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescrip-
tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-
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The largest absolute signal yield as defined above is

taken as the systematic uncertainty on the background

model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,

depending on the category for the 7 TeV and 8 TeV data

samples, respectively. In the final fit to the data (see

Section 5.7) a signal-like term is included in the likeli-

hood function for each category. This term incorporates

the estimated potential bias, thus providing a conserva-

tive estimate of the uncertainty due to the background

modeling.

5.6. Systematic uncertainties

Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-

tively. The dominant experimental uncertainty on the

signal yield (±8%, ±11%) comes from the photon re-

construction and identification efficiency, which is es-

timated with data using electrons from Z decays and

photons from Z → �+�−γ events. Pile-up modelling

also affects the expected yields and contributes to the

uncertainty (±4%). Further uncertainties on the sig-

nal yield are related to the trigger (±1%), photon isola-

tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).

Uncertainties due to the modelling of the underlying

event are ±6% for VBF and ±30% for other produc-

tion processes in the 2-jet category. Uncertainties on the

predicted cross sections and branching ratio are sum-

marised in Section 8.

The uncertainty on the expected fractions of signal

events in each category is described in the following.

The uncertainty on the knowledge of the material in

front of the calorimeter is used to derive the amount of

possible event migration between the converted and un-

converted categories (±4%). The uncertainty from pile-

up on the population of the converted and unconverted

categories is ±2%. The uncertainty from the jet energy

scale (JES) amounts to up to ±19% for the 2-jet cate-

gory, and up to ±4% for the other categories. Uncertain-

ties from the JVF modelling are ±12% (for the 8 TeV

data) for the 2-jet category, estimated from Z+2-jets

events by comparing data and MC. Different PDFs and

scale variations in the HqT calculations are used to de-

rive possible event migration among categories (±9%)

due to the modelling of the Higgs boson kinematics.

The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-

certainty on the energy resolution of the calorimeter,

which is determined from Z→ e
+
e
−

events. Smaller

contributions come from the imperfect knowledge of the

material in front of the calorimeter, which affects the ex-

trapolation of the calibration from electrons to photons

(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-

didates after all selections for the combined 7 TeV and 8 TeV data

sample. The inclusive sample is shown in a) and a weighted version

of the same sample in c); the weights are explained in the text. The

result of a fit to the data of the sum of a signal component fixed to

mH = 126.5 GeV and a background component described by a fourth-

order Bernstein polynomial is superimposed. The residuals of the data

and weighted data with respect to the respective fitted background

component are displayed in b) and d).

5.7. Results

The distributions of the invariant mass, mγγ, of the

diphoton events, summed over all categories, are shown

in Fig. 4(a) and (b). The result of a fit including a signal

component fixed to mH = 126.5 GeV and a background

component described by a fourth-order Bernstein poly-

nomial is superimposed.

The statistical analysis of the data employs an un-

binned likelihood function constructed from those of

the ten categories of the 7 TeV and 8 TeV data samples.

To demonstrate the sensitivity of this likelihood analy-

sis, Fig. 4(c) and (d) also show the mass spectrum ob-

tained after weighting events with category-dependent

factors reflecting the signal-to-background ratios. The

weight wi for events in category i ∈ [1, 10] for the 7 TeV

and 8 TeV data samples is defined to be ln (1 + S i/Bi),

10

leading lepton pair are removed, is presented in Fig. 1.

 [GeV]34m
20 40 60 80 100

E
ve

n
ts

/5
 G

e
V

0

20

40

60

80

100 Data
(*)

ZZ

tZ+jets,t

H(125 GeV)

Syst.Unc.

ATLAS

-1Ldt = 4.8 fb∫ = 7 TeV: s
-1Ldt = 5.8 fb∫ = 8 TeV: s

4l→
(*)

ZZ→H

Figure 1: Invariant mass distribution of the sub-leading lepton pair

(m34) for a sample defined by the presence of a Z boson candidate and

an additional same-flavour electron or muon pair, for the combination

of
√

s = 7 TeV and
√

s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation

and transverse impact parameter significance requirements are applied

to the leading lepton pair only. The MC is normalised to the data-

driven background estimations. The relativelly small contribution of

a SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties

The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%

for the 8 TeV data using the techniques described in

Ref. [92].

The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale

and resolution are determined using samples of W,

Z and J/ψ decays [84, 85]. The relative uncertainty

on the signal acceptance due to the uncertainty on

the muon reconstruction and identification efficiency is

±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-

nel for m4� = 600 GeV and increases to ±0.9%

(±0.8%/±0.5%) for m4� = 115 GeV. Similarly, the

relative uncertainty on the signal acceptance due to the

uncertainty on the electron reconstruction and identifi-

cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e

(2e2µ/2µ2e) channel for m4� = 600 GeV and reaches

±8.0% (±2.3%/±7.6%) for m4� = 115 GeV. The un-

certainty on the electron energy scale results in an un-

certainty of ±0.7% (±0.5%/±0.2%) on the mass scale

of the m4� distribution for the 4e (2e2µ/2µ2e) channel.

The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and

scale are found to be negligible.

The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM

ZZ
(∗)

background, which is estimated from MC simula-

tion, the uncertainty on the total yield due to the QCD

scale uncertainty is ±5%, while the effect of the PDF

and αs uncertainties is ±4% (±8%) for processes initi-

ated by quarks (gluons) [53]. In addition, the depen-

dence of these uncertainties on the four-lepton invariant

mass spectrum has been taken into account as discussed

in Ref. [53]. Though a small excess of events is ob-

served for m4l > 180 GeV, the measured ZZ
(∗) → 4�

cross section [93] is consistent with the SM theoreti-

cal prediction. The impact of not using the theoretical

constraints on the ZZ
(∗)

yield on the search for a Higgs

boson with mH < 2mZ has been studied in Ref. [87] and

has been found to be negligible . The impact of the in-

terference between a Higgs signal and the non-resonant

gg → ZZ
(∗)

background is small and becomes negligi-

ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4�, for

the selected candidates, compared to the background expectation in

the 80–250 GeV mass range, for the combination of the
√

s = 7 TeV

and
√

s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results

The expected distributions of m4� for the background

and for a Higgs boson signal with mH = 125 GeV are

compared to the data in Fig. 2. The numbers of ob-

served and expected events in a window of ±5 GeV

around mH = 125 GeV are presented for the combined

6

ATLAS
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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
σ/σSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.

The Signal strength may be computed in all
different production and decay channels and is consistent with the SM

 However 
A di-photon rate enhancement is the most visible feature at both experiments.

The WW/ZZ rates in average are at the SM value 
There is an apparent suppression of tau production in VBF.  

Present experimental uncertainties allow for a wide variety of new physics alternatives.
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Figure 9: The observed (solid) local p0 as a function of mH in the

low mass range. The dashed curve shows the expected local p0 under

the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding

to significances of 1 to 6 σ.

9.3. Characterising the excess

The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for

H→ZZ
(∗)→ 4� and H→ γγ, the two channels with the

highest mass resolution. The signal strength is al-

lowed to vary independently in the two channels, al-

though the result is essentially unchanged when re-

stricted to the SM hypothesis µ = 1. The leading

sources of systematic uncertainty come from the elec-

tron and photon energy scales and resolutions. The re-

sulting estimate for the mass of the observed particle is

126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to

µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent

with the SM Higgs boson hypothesis µ = 1. A sum-

mary of the individual and combined best-fit values of

the strength parameter for a SM Higgs boson mass hy-

pothesis of 126 GeV is shown in Fig. 10, while more

information about the three main channels is provided

in Table 7.

In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-

tent with the data, the profile likelihood ratio λ(µ,mH) is

used. In the presence of a strong signal, it will produce

closed contours around the best-fit point (µ̂, m̂H), while

in the absence of a signal the contours will be upper

limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH) is dis-

tributed as a χ2
distribution with two degrees of free-

dom. The resulting 68% and 95% CL contours for the

H→ γγ and H→WW
(∗)→ �ν�ν channels are shown in

)µSignal strength (
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Figure 10: Measurements of the signal strength parameter µ for

mH=126 GeV for the individual channels and their combination.

Fig. 11, where the asymptotic approximations have been

validated with ensembles of pseudo-experiments. Sim-

ilar contours for the H→ZZ
(∗)→ 4� channel are also

shown in Fig. 11, although they are only approximate

confidence intervals due to the smaller number of can-

didates in this channel. These contours in the (µ,mH)

plane take into account uncertainties in the energy scale

and resolution.

The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ZZ
(∗)→ 4�

and H→ γγ channels separated by more than the ob-

served mass difference, allowing the signal strengths to

vary independently, is about 20%.

The contributions from the different production

modes in the H→ γγ channel have been studied in order

to assess any tension between the data and the ratios of

the production cross sections predicted in the Standard

Model. A new signal strength parameter µi is introduced

for each production mode, defined by µi = σi/σi,SM. In

order to determine the values of (µi, µ j) that are simul-

taneously consistent with the data, the profile likelihood

ratio λ(µi, µ j) is used with the measured mass treated as

a nuisance parameter.

Since there are four Higgs boson production modes at

the LHC, two-dimensional contours require either some

µi to be fixed, or multiple µi to be related in some way.

Here, µggF and µtt̄H have been grouped together as they

scale with the tt̄H coupling in the SM, and are denoted

by the common parameter µggF+tt̄H . Similarly, µVBF and

µVH have been grouped together as they scale with the

WWH/ZZH coupling in the SM, and are denoted by the

common parameter µVBF+VH . Since the distribution of

signal events among the 10 categories of the H→ γγ
search is sensitive to these factors, constraints in the

19
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Combined Tevatron Result

27 S.Z. Shalhout [UC Davis] ICHEP 2012
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28 S.Z. Shalhout [UC Davis] ICHEP 2012
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• Perform fit of S+B model 
to data

• Compare combined best 
fit Higgs production cross 
section to result from 
individual production 
modes

• Consistent with SM 
values within the 
uncertainties

From the Tevatron: 
Combination of searches for Higgs decaying to WW and bb 

shows a clear excess in the 115 GeV to 135 GeV mass region 

For a Higgs mass of 125 GeV, the combined production rates 
are consistent with the SM ones within1σ,  

but the bb rate appears to be enhanced 
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The Higgs Discovery puts the final piece of the Standard Model in place                           

and  marks the birth of the hierarchy problem:
one of the main motivations for physics beyond the SM

The SM works beautifully, explaining all experimental phenomena to date 
with great precision  no compelling hints for deviations

But many questions remain unanswered:

Dynamical Origin of electroweak symmetry breaking
Origin of generations and structure of Yukawa interactions
Matter-antimatter asymmetry
Unification of forces
Neutrino masses
Dark matter and dark energy

Hence, the “prejudice” (the hope) that there must be “New Physics”
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The Higgs mass parameter              
                                                |m|2 = 2 λ v2  =1/2 mh2  
has maximum sensitivity to the unknown UV physics  
Quantum corrections diverge quadratically with the scale of new physics : Λeff 

 The Higgs naturalness or hierarchy problem:

V (Φ) = m2 Φ†Φ+
λ

2

�
Φ†Φ

�2
m2 < 0

m2 = m2(Λeff ) +∆m2

→ ∆m2 ≈ nW g2hWW + nh λ2 − nf g2hff

16π2
Λ2
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The Hierarchy Problem of the SM Higgs Sector
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couplings) expected to be given as a function of parameters of the
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or fine tuning to achieve cancellation

either New Physics at the TeV scale 
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 The Higgs naturalness or hierarchy problem:

New Degrees of freedom at a scale ~ TeV that 
through symmetry conditions identify couplings and degrees of freedom 

of the SM particles with those of new particles, and 
allow the automatic cancellation of loop corrections to the Higgs mass parameter 

Example: 
Supersymmetry is a symmetry between bosons and fermions

 that ensures the equality of couplings (and masses)

The Higgs is not a fundamental scalar but rather a composite state
- QCD-like technicolor, top-condensate/top color, Little Higgs, Gauge-Higgs Unification...-

Possible realization: theories of Warped Extra Dimensions in which
 the fundamental Planck scale ~ v << MPl .
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A SM-like Higgs mass in the range 124-127 GeV
Is in good agreement with Higgs mass expectations from

indirect Precision Electroweak Observables within the SM

Preferred value: MH =  

MH [GeV]

but 
The stability of our universe prefers 

new physics at a scale below MPl.

MH [GeV]

94+29
−24 GeV

Degrassi et al, ’12; Berzukov et al ’12

Friday, October 19, 2012



What if the newly discovered particle is not the SM Higgs?
- it can still be the Higgs boson of EWSB -

The SM Higgs Boson:
Spin 0 

Neutral CP even component of a complex SU(2)L doublet with Y=1
Singlet under the residual SU(2) custodial symmetry after EWSB

==> gWWH/gZZH = mW2/mZ2 at tree level
Couplings to SM fermions proportional to fermion masses

Self-coupling strength determined in terms of its mass and v = 174 GeV

A SM-like Higgs Boson:
 Could be a mixture of CP even and CP odd states

Could have non-SM couplings to vector bosons and fermions
==> non-SM decay widths and production cross sections in many/all channels

Could have decays into new particles 
Could be partly singlet or triplet instead of an SU(2)L doublet ?

Could be composite
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Effective Theory Analyses

Christophe Grojean Implications of Possible New Physics Kracow, 10rd Sept. 2o129
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linear realization of the SU(2)L x U(1)Y impose relations among coefficients  

Contino et al ’10
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Many recent studies consider effective theory approaches and 

investigate the best fit to the data in a model independent way

1 σ Preference for enhancement of diphoton width, with or 
without small suppression of gluon width.  

(results from Mid-July’12) Giardino, Kannike, Raidal, Strumia
arXiv:1207.1347
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Many recent studies consider effective theory approaches and 

investigate the best fit to the data in a model independent way

Carmi, Falkowski, Kuflik, Volansky, Zupan, 
arXiv:1207.1718

Espinosa, Grojean, Muhlleitner, Trott,
 arXiv:1207.1717

Similar analyses by Corbet, Eboli, Gonzalez-Fraile, Gonzalez Garcia ’12; Montul, Riva ’12

(results from Mid-July’12)
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Fit to two parameter space couplings by CMS and ATLAS

Christophe Grojean Effective Lagrangian Higgs-like scalar CERN, 3 Oct. 2o128

LO fits: test of unitarity

Official results differ in each experiment due to different results in WW/ZZ/di-taus
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What does a 125 GeV Higgs mean 
for specific BSM frameworks?

For No Higgs models these are bad news.

For Composite Higgs/Pseudo-Goldstone Higgs models it depends on the scenario 

What about SUSY?
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• Minimal Higgs Sector: Two Higgs doublets

• One Higgs doublet couples to up quarks, the other to down quarks/leptons only

                       Higgs interactions flavor diagonal if SUSY preserved

• Quartic Higgs couplings determined by SUSY as a function of the gauge couplings

       -- lightest (SM-like) Higgs strongly correlated to Z mass  (naturally light!)

        -- other Higgs bosons can be as heavy as the SUSY breaking scale

• Important quantum corrections to the lightest Higgs mass due to incomplete       

  cancellation of top and stop contributions in the loops

     -- also contributions from sbottoms and staus for large tan beta --

2 CP-even h (SM-like), H  with mixing angle α 
+ 1 CP-odd A + 1 charged pair H+-

! v= v
1

2
+v

2

2
 = 246 GeV

 

tan! = v
2
v
1

What about the Higgs in Supersymmetry?
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Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass

! 

mh
2 " MZ

2 cos2 2#+
3

4$ 2
mt

4

v2
1
2

˜ X t + t +
1

16$ 2
3
2

mt
2

v2 % 32$&3

' 

( 
) 

* 

+ 
, ˜ X t t + t 2( )

- 

. 
/ 

0 

1 
2 

* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and 
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta]

For moderate to large values of tan beta and large non-standard Higgs masses 

! 

t = log(MSUSY
2 mt

2)

! 

˜ X t =
2Xt

2

MSUSY
2 1" Xt

2

12MSUSY
2

# 

$ 
% 

& 

' 
( 

! 

Xt = At " µ /tan# $LR stop mixing

 MSUSY~ mQ ~ mU

M.C. Espinosa, Quiros, Wagner ’95; M.C. Quiros, Wagner ’95

Additionl NEGATIVE contributions from light sbottoms/staus at large tan beta 
can lower mh by several GeV 
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SM-like MSSM Higgs Mass: 

Many contributions to two-loop calculations
Brignole, M.C., Degrassi, Diaz, Ellis, Haber, Hempfling, Heinemeyer, Hollik, Espinosa,  Martin, Quiros, 
Ridolfi, Slavich, Wagner, Weiglein, Zhang, Zwirner, … 

Figure 1: The maximal value of the h boson mass as a function of Xt/MS in the pMSSM when

all other soft SUSY–breaking parameters and tanβ are scanned in the range Eq. (4) (left) and the

contours for 123< Mh <127 GeV in the [MS , Xt] plane for some selected range of tanβ values (right).

the theoretical uncertainties in the determination of Mh are included. Hence, only the scenar-
ios with large Xt/MS values and, in particular, those close to the maximal mixing scenario
At/MS ≈

√
6 survive. The no–mixing scenario is ruled out for MS <∼ 3 TeV, while the typical

mixing scenario needs large MS and moderate to large tan β values. We obtain Mmax
h =136,

123 and 126 GeV in, the maximal, zero and typical mixing scenarios, respectively3.

The right–hand side of Fig. 1 shows the contours in the [MS, Xt] plane where we obtain the
mass range 123 GeV < Mh < 127 GeV from our pMSSM scan with Xt/MS <∼ 3; the regions in
which tan β <∼ 3, 5 and 60 are highlighted. One sees again that a large part of the parameter
space is excluded if the Higgs mass constraint is imposed4.

3. Implications for constrained MSSM scenarios

In constrained MSSM scenarios (cMSSM)5, the various soft SUSY–breaking parameters obey
a number of universal boundary conditions at a high energy scale such as the GUT scale, thus
reducing the number of basic input parameters to a handful. These inputs are evolved via the
MSSM renormalisation group equations down to the low energy scale MS where the conditions
of proper electroweak symmetry breaking (EWSB) are imposed. The Higgs and superparticle

3
We have checked that the program FeynHiggs [18] gives comparable values for Mh within ≈ 2 GeV which

we consider to be our uncertainty as in Eq. (5).
4
Note that the M

max
h values given above are obtained with a heavy superparticle spectrum, for which the

constraints from flavour physics and sparticle searches are evaded, and in the decoupling limit in which the h

production cross sections and the decay branching ratios are those of the SM Higgs boson. However, we also

searched for points in the parameter space in which the boson with mass � 125 GeV is the heavier CP–even

H
0
boson which corresponds to values of MA of order 100 GeV. Among the ≈ 10

6
valid MSSM points of the

scan, only ≈ 1.5 × 10
−4

correspond to this scenario. However, if we impose that the H
0
cross sections times

branching ratios are compatible with the SM values within a factor of 2 and include the constraints from MSSM

Higgs searches in the τ+τ− channel, only ≈ 4 × 10
−5

of the points survive. These are all excluded once the

b → sγ and Bs → µ
+
µ
−

constraints are imposed. A detailed study of the pMSSM Higgs sector including the

dark matter and flavour constraints as well as LHC Higgs and SUSY search limits is presented in Ref. [19].
5
In this paper cMSSM denotes all constrained MSSM scenarios, including GMSB and AMSB.

4

Arbeya, Battaglia, Djouadi, Mahmoudi, Quevillonʼ11M.C, Haber, Heinemeyer, Hollik,Weiglein,Wagnerʼ00

! 

mh "130 GeV (for sparticles of ~ 1 TeV)
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Soft supersymmetry Breaking Parameters

    At large tan beta,light staus/sbottoms can 
decrease mh by several GeV’s via Higgs mixing 
effects and compensate tan beta enhancement 

Intermediate values of tan beta lead to
 the largest values of mh for the same values 

of stop mass parameters 
M. C., S. Gori, N. Shah, C. Wagner ’11

+L.T.Wang ‘12

Large stop sector mixing 
  At > 1 TeV

 
No lower bound on the lightest stop

One stop can be light and the other heavy   
 or

in the case of similar stop soft masses. 
both stops can be below 1TeV

Similar results from 
Arbey, Battaglia, Djouadi, Mahmoudi, Quevillon ’11

Draper Meade, Reece, Shih’11
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How much can we perturb the gluon production mode?

Is it possible to change WW and ZZ decay rates independently?

Can we vary the Higgs rate into di-photons independently from the rate into WW/ZZ?

Can we  change the ratio of b-pair to tau pair decay rates?

Can departures in the production/decay rates at the LHC
disentangle among different SUSY spectra?

The event rates: 

• All three quantities may be affected by new physics. 
•  If one partial width is modified, the total width is modified as well, modifying  all BR’s.

Main production channel:
       Gluon Fusion

Main/first search modes:
decay into γγ/ZZ/WW
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Departures in the production and decay rates at the LHC

!  Through SUSY particle effects in loop induced processes 

!  Through enhancement/suppression of the Higgs-bb and Higgs-di-tau 
coupling strength via mixing in the Higgs sector :                              

This affects in similar manner BR’s into all other particles  

squarks squarks and sleptons 

~ 

~ 

~ 
charginos 

❖Through vertex corrections to Yukawa couplings: different for bottoms and taus
This destroys the SM relation BR(h     bb)/BR(h    ττ) ~ mb2/mτ2

❖Through decays to new particles (including invisible decays)
This affects in similar manner BR’s to all SM particles 
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Gluon Fusion in the MSSM

 See also Dermisek, Low’07.
Natural SUSY fit:  Espinosa, Grojean, Saenz,Trotta ‘12

Light stops can increase the gluon fusion rate, but for large stop mixing Xt 

as required for mh~125 GeV mostly leads to moderate suppression
[light sbottoms lead to suppression for large tanβ]

Squark effects in gluon fusion overcome 
opposite effects in di-photon decay rate:
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M.C.,Gori, Shah, Wagner, Wang in prep.
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Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

M. C, S. Gori, N. Shah, C. Wagner,’11 +L.T.Wang’12

For a generic discussion of modified γγ and Zγ widths by new charged particles, 
see M. C. ,Low and C. Wagner’12; for specific connection with light staus: Giudice, Paradisi,Strumia’12

Recent MSSM scan: Benbrik, Gomez Bock, Heinemeyer, Stal, Weigein, Zeune’12 
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  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#ZZ)
" gg#h( )SM Br(h#ZZ)SM

Higgs into di-photon rate can be enhanced via Staus 
without changing the Higgs into WW/ZZ rates

M. C., Gori, Shah, Wagner’11 + Wang’12
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Additional modifications of the Higgs rates into gauge bosons 
via stau induced mixing effects in the Higgs sector

me3= mL3 

mStau~ 90 GeV;  mh~ 125 GeV

  Important Aτ induced radiative corrections to the mixing angle α  

Small variations in BR [Hbb] induce
 significant variations in the other Higgs BR’s

M. C. Gori, Shah, Wagner,’11 + Wang’12

Similar results for example within pMSSM/MSSM fits:    Arbey, Battagllia, Djouadi,Mahmoudi ’12
                                                                              Benbrik, Gomez Bock, Heinemeyer, Stal, Weigein, Zeune’12 

ghb̄b,hτ+τ− ∝ − sinα/ cosβ
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Suppression of the h to taus to h to b’s ratio
due to different radiative SUSY corrections to higgs-fermion couplings 

M. C., Gori,  Shah,  Wagner,  Wang
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Stau Searches at the LHC

!  LHC looks for staus produced through SUSY cascade decays  

!  LHC looks at long-lived staus 

!  Interesting channel to look for: 

signature: 
Lepton, 2 taus,  
missing energy 

Estimation at the parton level shows 
promising results at 8 TeV LHC

Physical background: Wγ*, WZ*Final
Fake background: W+jets

~ 50 fb 

• In principle also                                                can be interesting,       
   but much more challenging 

• Another interesting possibility: Staus in “light” Stop decays                                                

M. C., Gori,  Shah,  Wagner,  Wang

t̃1 → bχ̃+ → bτ̃ ν
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Many Minimal SUSY models can produce mh=125 GEV

Extra singlet S with extra parameter λ

• Large effect on the mass only for low tan beta 

• More freedom in gluon fusion production 

• Higgs mixing effects can be also triggered by extra new parameter λ 
• Light staus cannot enhance the di-photon rate (at low tanβ stau mixing is negligible)

• Light chargino at low tanβ can contribute to enhance the di-photon rate

Hall, Pinner, Ruderman’11
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Figure 6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = mt̃ and varying

tan β = 2, 5, 10 from left to right, and varying λ within each plot. We add the tree-level Higgs

mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from

Suspect. The tree-level Higgs mass is largest at lower values of tan β and larger values of λ,
where only modestly heavy stops, mt̃ ∼ 300 GeV, are needed to raise the Higgs to 125 GeV.

Heavy stops are still required for lower values of λ and larger values of tan β.

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the

superpotential. We define the parameter µ = µ̂ + λ �S�, which acts as the effective µ-term and

sets the mass of the charged Higgsino.

We also include the following soft supersymmetry breaking terms,

Vsoft ⊃ m
2
Hu

|Hu|2 +m
2
Hd
|Hd|2 +m

2
S
|S|2 + (BµHuHd + λAλ SHuHd + h.c.) . (9)

For simplicity, we have not included the trilinear interaction S
3
in the superpotential or scalar

potential because we do not expect its presence to qualitatively change our results. We neglect

CP phases in this work and take all parameters in equations 8 and 9 to be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet,

with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from

the above potential is bounded from above at tree-level [14],

(mh
2
)tree ≤ m

2
Z
cos

2
2β + λ2

v
2
sin

2
2β. (10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass.
1

The first term is the upper bound in the MSSM, while the second term is the contribution

from the interaction involving the singlet. The above bound is saturated when the singlet is

integrated out with a large supersymmetry breaking mass, m
2
S
> M

2
S
[19], which, in practice,

1It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then, singlet-
doublet mixing can increase the mass of the dominantly doublet eigenstate [29].
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, mt̃1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal

top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass

for mt̃1 in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark

mixing and do not yield a 124 GeV Higgs mass for mt̃1 below 3 TeV. Here we have taken

tan β = 20. The shaded regions highlight the difference between the Suspect and FeynHiggs

results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, λSHuHd, that is perturbative to unified scales, thereby constraining λ � 0.7

(everywhere in this paper λ refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m
2
h = M

2
Z cos

2
2β + λ2

v
2
sin

2
2β + δ2t , (2)

where here and throughout the paper we use v = 174 GeV. For λv > MZ , the tree-level

contributions to mh are maximized for tan β = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan β as in the MSSM. However, even for λ taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

δt � 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan β in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 � λ � .7, near the

boundary of perturbativity at the GUT scale.
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Figure 3: The Higgs mass in λ-SUSY, as a function of the singlet soft mass mS. Here, λ = 2,
tan β = 2, and the other parameters are as described in Table 1, which gives the light Higgs a
mass of mh = 280 GeV in the limit of heavy singlet mass. However, we see that lowering the
singlet mass mS results in a lighter Higgs due to mixing of the singlet with the Higgs.

cations of a 3× 3 mass matrix for the CP even Higgs scalars. However, this decoupling is itself

unnatural since the soft Higgs doublet mass parameter is generated by one-loop renormalization

group scaling at order λ2m2
S. For λ = 2, avoiding additional tuning at the 20% level requires

mS � 1 TeV [15]. Once s is no longer decoupled, it is crucial to include doublet-singlet Higgs

mixing. In the limit of decoupling one Higgs doublet, s mixes with the remaining light neutral

doublet Higgs h at tree-level via the mass matrix

M2 =

�
λ2v2 sin2 2β +M2

Z cos2 2β λv(µ,MS, Aλ)
λv(µ,MS, Aλ) m2

S

�
. (3)

In general there are several contributions to the off-diagonal entry and these will be discussed

in section 4; but all are proportional to λv, which is large in λ-SUSY, so that mixing cannot

be neglected even for rather large values of m2
S. This is illustrated in Figure 3 where, for a set

of reference parameters of the model discussed later, the two eigenvalues of this mixing matrix

are shown as a function of mS. At the reference point λ = 2 and tan β = 2, so that in the

absence of mixing the Higgs mass would be 280 GeV, but this is reduced to 125 GeV for mS ∼
500 GeV. As the blue curve of Figure 3 crosses 125 GeV its slope is quite modest – a central

claim of this paper is that a 125 GeV Higgs from doublet-singlet mixing in λ-SUSY is highly

natural. However, moving along the blue curve of Figure 3, the tuning rapidly increases as the

4

SM + singlet limit

has been studied, and refs. therein).
It is well known that, for small values of tan β, the coupling λSHuHd in the superpo-

tential leads to a positive contribution to the mass squared of the SM-like Higgs boson
HSM relative to the MSSM [15,16,19]. However, HSM −S mixing has an additional impact
on the physical spectrum: if the diagonal mass term m2

SS is larger than the one of HSM ,
the mixing reduces the mass of HSM ; if the diagonal mass term m2

SS is smaller than the
one of HSM , the mixing leads to an additional increase of the mass of HSM . In this latter
case, the mass of the lighter eigenstate H1 can be well below 114 GeV and compatible with
constraints from LEP [31], if its reduced signal strength ξ21 ≡ ḡ12 × BR(H1 → bb̄) is small
enough. (Here ḡ1 is the reduced coupling of H1 to the Z boson normalized with respect to
the SM, and BR(H1 → bb̄) is the branching ratio into bb̄ normalized with respect to the
SM.)

In addition, HSM−S mixing can lead to an increase of the branching ratio BR(Hi → γ γ)
of one of the eigenstates Hi with respect to the SM: if the coupling to b b̄ and hence the
partial decay width into b b̄ (which is close to the total width ΓTot) is strongly reduced
with respect to the SM, BR(Hi → γ γ) = Γ(Hi → γ γ)/ΓTot is correspondingly enhanced.
This phenomenon has been discussed in the context of the lighter eigenstate H1 in [32],
but is equally possible for the heavier eigenstate as will be discussed below. In view of the
latest LHC results, the possible enhancement of BR(Hi → γ γ) in the NMSSM was also
discussed in [13], and a Higgs mass near 125 GeV in the constrained NMSSM – but without
enhancement of BR(Hi → γ γ) – in [33].

In the next Section we will study a region of the parameter space of the NMSSM with
a scale invariant superpotential, which leads naturally to an eigenstate H2 after HSM − S
mixing with a mass in the 124 − 127 GeV range. Its BR(H2 → γ γ) is always enhanced
with respect to the SM. The lighter eigenstate H1 has a mass in the 70 − 120 GeV range,
compatible with LEP constraints, and is potentially also observable at the LHC. In Section 3
we conclude and summarize the possibilities allowing to distinguish this scenario from the
SM and/or the MSSM.

2 Implications of HSM − S mixing in the NMSSM in

the light of recent and future LHC results

The NMSSM differs from the MSSM due to the presence of the gauge singlet superfield S.
In the simplest Z3 invariant realisation of the NMSSM, the Higgs mass term µHuHd in the
superpotential WMSSM of the MSSM is replaced by the coupling λ of S to Hu and Hd and
a self-coupling κS3. Hence, in this simplest version the superpotential WNMSSM is scale
invariant, and given by:

WNMSSM = λŜĤu · Ĥd +
κ

3
Ŝ3 + . . . , (1)

where hatted letters denote superfields, and the dots denote the MSSM-like Yukawa cou-
plings of Ĥu and Ĥd to the quark and lepton superfields. Once the real scalar component
of Ŝ develops a vev s, the first term in WNMSSM generates an effective µ-term

µeff = λ s . (2)

2
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/
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�
.

are mixed higgsino–singlino, with a singling component of the order of 20%, see the bottom-row plots of Fig. 8.

It is interesting to note a few points regarding the GUT-scale parameters associated with the points plotted in

previous figures. For the WMAP-window diamond points, m0 ∈ [0.9, 1.3] TeV, m1/2 ∈ [500, 700] GeV, A0 ∈
[−1.8,−1.0] TeV, Aκ ∈ [−400,−250] GeV, Aλ ∈ [−600,−400] GeV, mS(GUT) ∈ [1.4, 2.2] TeV, mHu(GUT) ∈
[2, 2.2] TeV and mHd(GUT) ∈ [0.7, 1.2] TeV; and, as shown in earlier figures, these diamond points have λ ∈
[0.58, 0.65], κ ∈ [0.28, 0.35], and tanβ ∈ [2.5, 3.5]. Points with Rh

gg
(γγ) > 1.3 have m0 ∈ [0.65, 3] TeV, m1/2 ∈

[0.5, 3] TeV, A0 ∈ [−4.2,−0.8] TeV, Aκ ∈ [−500,+450] GeV, Aλ ∈ [−750,+550] GeV, mS(GUT) ∈ [1.2, 4.2] TeV,

mHu(GUT) ∈ [1.7, 17] TeV, mHd(GUT) ∈ [∼ 0, 4.2] TeV, λ ∈ [0.33, 0.67], κ ∈ [0.22, 0.36], and tanβ ∈ [2, 14].
We have already noted that it is not possible to find scenarios of this degenerate/enhanced type while predicting a

value of δaµ consistent with that needed to explain the current discrepancy. In particular, the very largest value of δaµ
achieved is of order 1.8×10

−10
and, further, the WMAP-window points with large Rh

gg
(γγ, V V ) have δaµ < 6×10

−11
.

To summarize, we have identified a set of interesting NMSSM scenarios in which the two lightest CP-even Higgs

bosons are closely degenerate and lie in the 123–128 GeV mass window. Large rates (relative to gg → hSM → γγ
or gg → hSM → ZZ∗ → 4�) for gg → h1,2 → γγ and gg → h1,2 → ZZ∗ → 4� are possible, sometimes because

Analogous to MSSM, modifications of the Higgs rates into gauge bosons 
via mixing effects in the Higgs sector

genuine ΝMSSM effect from doublet-singlet mixing induced by λ

Ellwanger. 12
Benbrik, Bock, Heinemeyer, Stal,  Weiglein, Zeune’12

Gunion, Jiang, Kraml ’12

2

Above, we did not mention imposing a constraint on aµ. Rough consistency with the measured value of aµ requires
that the extra NMSSM contribution, δaµ, falls into the window defined in NMSSMTools of 8.77 × 10−10 < δaµ <
4.61 × 10−9 expanded to 5.77 × 10−10 < δaµ < 4.91 × 10−9 after allowing for a 1σ theoretical error in the NMSSM
calculation of ±3× 10−10. In fact, given the previously defined constraints and focusing on λ ≥ 0.1, δaµ is always too
small, being at most ∼ 2× 10−10. Demanding δaµ large enough to fall into the above window, or even come close to
doing so, appears from our scans to date to only be possible if λ < 0.1 [5], for which the Higgs signal in the γγ and
V V ∗ (V = W,Z) final states for Higgs in the 123–128 GeV window is very SM-like.

The main production/decay channels relevant for current LHC data are gluon-gluon and WW fusion to Higgs with
Higgs decay to γγ or ZZ∗ → 4�. The LHC is also beginning to probe W,Z+Higgs with Higgs decay to bb, a channel
for which Tevatron data is relevant, and WW →Higgs with Higgs→ τ+τ−. For the cases studied, where there are
two nearly degenerate Higgs bosons, we will combine their signals as follows in defining the mass and signal for the
effective Higgs, h. First, for the individual Higgs we compute the ratio of the gg or WW -fusion (VBF) induced Higgs
cross section times the Higgs branching ratio to a given final state, X, relative to the corresponding value for the SM
Higgs boson:

Rhi
gg(X) ≡ Γ(gg → hi) BR(hi → X)

Γ(gg → hSM) BR(hSM → X)
, (1)

Rhi
VBF(X) ≡ Γ(WW → hi) BR(hi → X)

Γ(WW → hSM) BR(hSM → X)
, (2)

where hi is the ith NMSSM scalar Higgs, and hSM is the SM Higgs boson. Note that the corresponding ratio for
V ∗ → V hi (V = W,Z) with hi → X is equal to Rhi

VBF(X). These ratios are computed in a self-consistent manner (that
is, treating radiative corrections for the SM Higgs boson in the same manner as for the NMSSM Higgs bosons) using an
appropriate additional routine for the SM Higgs added to the NMHDECAY component of the NMSSMTools package.
Next, we compute the effective Higgs mass in given production and final decay channels Y and X, respectively, as

mY
h (X) ≡ Rh1

Y (X)mh1 +Rh2
Y (X)mh2

Rh1
Y (X) +Rh2

Y (X)
(3)

and define the net signal to simply be

Rh
Y (X) = Rh1

Y (X) +Rh2
Y (X) . (4)

Of course, the extent to which it is appropriate to combine the rates from the h1 and h2 depends upon the degree of
degeneracy and the experimental resolution. For the latter, we assume σres ∼ 1.5 GeV [12].1 It should be noted that
the widths of the h1 and h2 are of the same order of magnitude as the width of a 125 GeV SM Higgs boson, i.e. they
are very much smaller than this resolution.

We perform scans covering the following parameter ranges, which correspond to an expanded version of those
considered in [6]: 0 ≤ m0 ≤ 3000; 100 ≤ m1/2 ≤ 3000; 1 ≤ tanβ ≤ 40; −6000 ≤ A0 ≤ 6000; 0.1 ≤ λ ≤ 0.7;
0.05 ≤ κ ≤ 0.5; −1000 ≤ Aλ ≤ 1000; −1000 ≤ Aκ ≤ 1000; 100 ≤ µeff ≤ 500. In the figures shown in the following,
we only display points which pass the basic constraints, satisfy B-physics constraints, have Ωh2 < 0.136, obey the
XENON100 limit on the LSP scattering cross-section off protons and have both h1 and h2 in the desired mass range:
123 GeV < mh1 ,mh2 < 128 GeV.

In Fig. 1, we display Rh2
gg(γγ) versus R

h1
gg(γγ) with points color coded according to mh2 −mh1 . The circular points

have Ωh2 < 0.094, while diamond points have 0.094 ≤ Ωh2 ≤ 0.136 (within the WMAP window). We observe a large
number of points for which mh1 ,mh2 ∈ [123, 128] GeV and many are such that Rh1

gg(γγ) + Rh2
gg(γγ) > 1. A few such

points have Ωh2 in the WMAP window. These points are such that either Rh1
gg(γγ) > 2 or Rh2

gg(γγ) > 2, with the R

for the other Higgs being small. However, the majority of the points with Rh1
gg(γγ) + Rh2

gg(γγ) > 1 have Ωh2 below
the WMAP window and for many the γγ signal is shared between the h1 and the h2.

Based on these results, we will now combine the h1 and h2 signals as described above and present plots coded
according to the following legend. First, we note that circular (diamond) points have Ωh2 < 0.094 (0.094 ≤ Ωh2 ≤
0.136). We then color the points according to:

• red for mh2 −mh1 ≤ 1 GeV;

1 The values for σres quoted in this paper range from 1.39–1.84 GeV to 2.76–3.19 GeV, the better resolutions being for the case where
both photons are in the barrel and the worse resolutions for when one or both photons are in the endcap. We anticipate that the more
recent analyses have achieved substantially better mass resolutions, but details are not yet available.
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Suppression in BR [H      bb] induces
 significant and correlated variations in the other Higgs BR’s

Friday, October 19, 2012



More general MSSM Higgs extensions: EFT approach

Dine, Seiberg, Thomas;
Antoniadis, Dudas, Ghilencea, Tziveloglou
M.C, Kong, Ponton, Zurita

Scan over parameters including all possible 
dimension 5 and 6,

 SUSY Higgs operators

   Higgs mass = 125 GeV easy  to 
achieve for light stops, small mixing

 Enhancement of h to di-photons due
   to bb suppression or light staus

Higgs cascade decays  from
large splitting in masses : h/H  to  AA

If the new physics is seen only indirectly via deviations from the SM Higgs properties, it will 
be hard to disentangle among new singlets, triplets, extra Z’, W’, a given mixture of the above

mh~125GeV
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The Flavor-Higgs Connection
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Mh ~ 125 GeV and flavor in the MSSM
•      Bu !"# transition  

(H ± )

MSSM charged Higgs & SM contributions interfere destructively 
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Altmannshofer, MC, Shah,Yu, in prep.
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Mh ~ 125 GeV and flavor in the MSSM

Altmannshofer, MC, Shah,YuPositive values of At less constraining for sizeable mA and large tan beta
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SUSY effects intimately connected to the structure of the squark mass matrices

           Bounds from Bs →µ+µ- Bounds from Bs →Xs γ
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Higgs Physics in Warped Extra Dimensions

Friday, October 19, 2012



W ,Z,g,!

" heavy

UV brane IR brane

 Higgs + KK modes

Hierarchical fermion masses from localization 

[masses depend on overlap with Higgs/TeV scale]

    FCNC and higher dimensional operators                               

     suppressed for the light fermion families

KK modes localize towards the IR for 
* Weak bosons, Gluons, Fermions
* As well as gravitons 

Large corrections to the SM gauge boson masses and couplings due to 
Higgs induced mixing ==> strong  EW constraints on the spectrum 

 
!k ! 1.5 TeV " KK gauge boson masses > 3TeV

Warped Extra dimensions with Matter in the bulk

several possibilities for model building

Higgs or Higgsless (b.c. EWSB)
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       Higgs Phenomenology in models of Warped Extra Dimensions
Large number of new fermionic fields in the 5D theory induce 

large loop effects  in hγγ & hgg couplings 
Effect even more pronounced in models with custodial protection

ymax = 3 

ymax = 1.5 

ymax = 0.5 Spectacular effects on Higgs production
 via gluon fusion, even for new particle
 masses well beyond direct LHC reach

Rh= !(gg!h)WED/!(gg!h)SM 

Suppression

Significant enhancement of the BR (h→γγ) possible
     depending on the values of leptonic 5D Yukawas

MC, Casagrande, Goertz, Haisch, Neubert’12
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Higgs to diphotons can be larger than HZZ but below SM value

    Measuring RZZ ≈ 0.7 along with a slight enhancement of Rγγ over RZZ  would imply 
 (for ymax =3) KK masses ≈ 8 TeV, far outside LHC reach. (RZZ > 0.7 ==> very strong bounds )

Higgs Phenomenology in Minimal RS model: Decay
Goertz, Haisch, Neubert

Significant enhancement of the BR (h→γγ) possible
     depending on the values of leptonic 5D Yukawas
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Many exotic Higgs impostor scenarios constrained by these analyses
Most recently studied example: Dilaton

Dilaton:  Goldston boson associated with spontaneously broken scale invariance

Conformal breaking scale f > v  ==> Dilaton is not responsible for EWSB
Introduced in the low energy L as a compensator of scale transformations 

If EM and QCD (?) part of the conformal sector:

g2ggh/(g
2
ggh)

SM = Rg v2/f2

g2WWh,ZZh/(g
2
WWh,ZZh)

SM = v2/f2

g2γγh/(g
2
γγh)

SM = Rγ v2/f2

Rg � 140; Rγ � 2.43 for Mχ � 125 GeV

Atlas and CMS di-photon excess consistent
 with f ~ 800-1300 GeV

σ(gg → χ)/σ(V BF → χ) 140× SM

BR(χ → γγ)/BR(χ → ZZ) = 2.43× SM

Model Building quite involved
to make it a viable alternative

Coleppa, Gregoire, Logan ’11
Lykken, Low, Shaughnessy,’12

Bellanzini, Csaki, Hubisz, Serra, Terning’12
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Conclusions:

The Higgs discovery is of paramount importance

but

We need more precise measurements of Higgs properties
 

and/or 

direct observation of new physics 

to further advance in our understanding of EWSB
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Extras
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Additional effects at large tan beta  
from sbottoms: 

and staus:  

with  

receiving one loop corrections that depend on the sign of  

Dep. on the  sign of  with 

 Both corrections give negative contributions to the Higgs mass 
 hence  smaller values of      and  positive  values of         and          
 enhance the value of the Higgs mass 

Maximal effect: lower mh by several GeV 
! 

µM ˜ g 

! 

µM2

! 

µ
! 

µM2
! 

µM ˜ g 
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Mixing Effects in the CP- even Higgs Sector
                   can have relevant effects in the production and decay rates 

Radiative corrections to the CP-even mass matrix
 affect the mixing angle alpha 

that governs couplings of Higgs to fermions

 

sin! cos! = M
12

2
/ Tr M

2( )
2

" 4 det M
2

If off diagonal elements suppressed/enhanced: same occurs for sinα or cosα
==> suppression/enhancement of SM-like Higgs coupling to bb and ττ

leads to enhancement/suppression of BR(h/H to WW/ZZ/γγ)  for mh/H < 135 GeV 

g
hbb̄,Hbb̄,Abb̄

→ − sinα/ cosβ, cosα/ cosβ, tanβ

Normalized 
to SM ones

ghuū,Huū,Auū → cosα/ sinβ, sinα/ sinβ, 1/ tanβ

(same for leptons)
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 After SUSY breaking all fermions couple to both Higgs Doublets

                   can change the relative strength of Higgs decays to b and tau pairs

! 

destroy basic relation   
gh,H,Abb gh,H ,A "" #mb m"

M.C. Mrenna, Wagner ʼ98
Haber,Herrero, Logan, Penaranda, Rigolin, Temes ʼ00

             Radiative corrections ==> main decay modes of the  
SM-like MSSM Higgs into b- and tau-pairs can be drastically changed  

Modification of the tree level relation between hb,τ and mb,τ

mb,τ � hb,τv√
2

cosβ

�
1 +

∆hb,τ

hb,τ
tanβ

�

   Δb,τ

ghbb,hττ = − mb,τ sinα

v cosβ(1 +∆b,τ )

�
1− ∆b,τ

tanβ tanα

�

! 

hd

ghbb,hττ = −hb,τ sinα+∆hb,τ cosα
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M
h 
~ 125 GeV and Minimal Flavor Violation in the MSSM 

! 

"Y #
µ*At

*

16$ 2 max m ˜ t 1

2 ,m ˜ t 2

2 ,µ2[ ]
 

! 

32

! 

tan"

! 

BR(BS " µ+µ#)SUSY $
XRL
32 2 tan% 2

mA
4

!
µAt

2 tan" 6

mA
4

with  XRL
H/A( )bs ! " mb

v
 ht

2  #Y  tan$2

1+#0
3 tan$( ) 1+ %b( )

VCKM
tb*

VCKM
ts

! 

tR

! 

tL

! 

bR

! 

sL

! 

H +

! 

PRL
32

! 

PLR
33

 
A
!+
"
µAt tan#  mb

1+ $b( )
 ht

2 f [m!t1 ,m!t2 ,µ] Vts! 

tR

! 

tL

! 

bR

! 

sL

! 

˜ h 1
+

! 

˜ h 2
+

! 

"
! 

__
! 

µ

! 

At

! 

~

! 

~

A
H + !

(ht " #ht tan$) mb  
1+ %b( )

g[mt ,mH + ] Vts

 
 !ht " ht

2#S

3$
µ*M !g

•      Charged Higgs  and chargino-stop contributions to   

! 

BR(B" XS#)

• Loop-induced A/H 
 contributions to  Bs ! µ+µ"

! 

" b = #0
3 +#yht

2( ) tan$
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•  FCNC’s induced by Higgs-squark loops depend on the flavor structure of the    
   squark soft SUSY breaking parameters 

•  If SUSY is transmitted to the observable sector at high energies M~MGUT     
              even starting with universal masses (MFV) in the supersymmetric theory:                  

Due to RG effects: 
Ellis, Heinemeyer, Olive, Weiglein 
M.C, Menon, Wagner 

1) The effective FC strange-bottom-neutral Higgs is modified:  

FCNC and the scale of SUSY Breaking 

2) Flavor violation in the gluino sector induces relevant contributions to  b! s"

•  If  SUSY is transmitted at low energies:  M~ MSUSY,   
Squark mass matrices  approx. block diag, only FC effects in the chargino-stop& H+ loops 

 XRL
H/A( )bs ! " mb

v
  ( #0

3 " #0
1,2 + ht

2#Y ) tan$2

1+#0
3 tan$( ) 1+ %b( )

VCKM
tb*

VCKM
ts

 If µAt < 0 and µM !g > 0
 !0

3 " !0
1,2 > 0  and proportional to µM !g

possible cancellation of effects 

 
A!g !"S (m0

2 # mQ3

2 )M !gµ  tan$  F(m0 ,mR ,m !bi ,m !di ,M !g )

Bs ! µ+µ"

Borzumati, Bertolini, 
Masiero,Ridolfi 
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Mh ~ 125 GeV and flavor in the MSSM
           Bounds from Bs →µ+µ-

Red solid line: Bs → mu+mu- with low energy SUSY breaking effects
 Red dashed (dotted) line has high energy MFV with running of all (1st-,2nd vs 3rd gen.) parameters
 

Altmannshofer, MC, Shah,Yu

Positive values of At less constraining for sizeable mA and large tan beta

! 

32

! 

tan"

Loop-induced 
A/H mediated 

FCNC’s

intimately connected 
to the structure of the
squark mass matrices
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Mh ~ 125 GeV and flavor in the MSSM 

Altmannshofer, MC, Shah,Yu
Orange solid line from B Xs gamma with low energy SUSY breaking effects

Orange  dashed (dotted) line has high energy MFV with running of all (1st-,2nd vs 3rd generation) parameters

Bounds from Bs →Xs γ
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