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Discovery of a Higgs-like Boson at the LHC
Two cleanest channels γγ, 4`:

reconstruction masses at 125 GeV
Dilepton WW ∗ → 2`2ν also consistent with ZZ∗ → 4` at
125 GeV

      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),
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leading lepton pair are removed, is presented in Fig. 1.
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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
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γγ: spin 0 or 2 (Landau-Yang)
Angular correlation prefers CP-even spin zero 0+

couples to weak gauge bosons (ZZ∗/WW ∗)
if it is spin-zero, production from gluon fusion
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5.2 H → ZZ 13
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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

5.2 H → ZZ 11
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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.

γγ: spin 0 or 2 (Landau-Yang)
Angular correlation prefers CP-even spin zero 0+

couples to weak gauge bosons (ZZ∗/WW ∗)
if it is spin-zero, production from gluon fusion
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SM Higgs? Likely
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SM Higgs? Likely

σ(gg → h→ γγ)/σSM ' 1.5± 0.4
σ(gg → h→ ZZ∗ → 4`)/σSM . 1
σ(gg → h→WW ∗ → 2`2ν)/σSM . 1
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How to interpret the 125 GeV resonance

Standard Model Higgs boson?
Composite Higgs?
........
Higgs boson in MSSM

the light Higgs boson h at 125 GeV (nontrival)

mh = 125GeV < MH ∼MA ∼MH±

the heavy Higgs boson H at 125 GeV while h evades all
direct searches (or h around 98 GeV)

mh < MH = 125GeV ∼MA ∼MH±
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LEP excludes a SM-like Higgs to 114.4 GeV
(in both SM and MSSM)

Higgs Mass Lower Bound

LEP excludes a
114.4 GeV Higgs
boson @ 95% CL.
(expected 115.3

GeV)

Exp. Obs.
ALEPH 113.5 111.4
DELPHI 113.3 114.1

L3 112.4 112.0
OPAL 112.7 112.7
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To evade the LEP bound: reducing gZZh

Since mt arises from Hu, vu >> vd (a large tanβ).
A simple realization: to make h Hd-like, then gZZh ∝ a small vd

(
h
H

)
=

(
cosα − sinα
sinα cosα

)(
Re Hu

Re Hd

)

(
Re Hu

Re Hd

)
=

(
sinβ − cosβ
cosβ sinβ

)(
HSM
H⊥

)

large tanβ ⇒ β → π/2; h is Hd-like⇒ α→ ±π/2. So

gZZh ∝ sin(β − α)→ 0
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Fig. 1.8. The normalized couplings squared of the CP-even MSSM neutral Higgs bosons to gauge bosons as functions of MA for two values
tan � = 3 and 30, in the no mixing (light lines) and maximal mixing (thick lines) scenarios. The full set of radiative corrections is included with
the same inputs as in Fig. 1.7.

These couplings are renormalized by the same radiative corrections which affect the neutral Higgs boson masses.
For instance, in the ✏ approximation which has been discussed earlier, the corrected angle ↵̄ will be given by

tan 2↵̄ = tan 2�
M2

A + M2
Z

M2
A � M2

Z + ✏/ cos 2�
, �⇡

2
 ↵  0. (1.144)

The radiatively corrected reduced couplings of the neutral CP-even Higgs particles to gauge bosons are then simply
given by

ghVV = sin(� � ↵̄), gHVV = cos(� � ↵̄), (1.145)

where the renormalization of ↵ has been performed in the same approximation as that for the renormalized Higgs
boson masses. The squares of the two renormalized Higgs couplings to gauge bosons are displayed in Fig. 1.8 as
functions of MA for the two values tan � = 3, 30 in the no mixing and maximal mixing scenarios. The SUSY and
SM parameters are chosen as in Fig. 1.7. One notices the very strong variation with MA and the different patterns for
values above and below the critical value MA ' Mmax

h . For small MA values the couplings of the lighter h boson
to gauge bosons are suppressed, with the suppression/enhancement being stronger with large values of tan �. For
values MA & Mmax

h , the normalized h boson couplings tend to unity and reach the values of the SM-Higgs couplings,
ghVV = 1 for MA � Mmax

h ; these values are reached more quickly when tan � is large. The situation in the case of the
heavier CP-even H boson is just opposite: its couplings are close to unity for MA . Mmax

h [which in fact is very close
to the minimal value of MH , Mmin

H ' Mmax
h , in particular at large tan �], while above this limit, the H couplings to

gauge bosons are strongly suppressed. Note that the mixing Xt in the stop sector does not alter this pattern, its main
effect being simply to shift the value of Mmax

h .

In the case of the Higgs–fermion couplings, there are additional one-loop vertex corrections which modify the
tree-level Lagrangian that incorporates them [71–74]. In terms of the two-Higgs doublets H1 and H2 which generate
the couplings of up-type and down-type fermions, the effective Lagrangian can be written at one-loop as [118]

�LYuk = ✏i j

h

(�b + ��b)b̄R Hi
1 Q j

L + (�t + ��t )t̄R Qi
L H j

2 + (�⌧ + ��⌧ )⌧̄R Hi
1 L j

i

+ 1�bb̄R Qi
L Hi⇤

2 + 1�⌧ ⌧̄R Li Hi⇤
2 + 1�t t̄R Qi

L Hi⇤
1 + h.c. (1.146)

Thus, at this order, in addition to the expected corrections ��t,b which alter the tree-level Lagrangian, a small
contribution 1�t (1�b) to the top (bottom) quark will be generated by the doublet H1 (H2). The top- and bottom-
quark Yukawa couplings [the discussion for the ⌧ couplings follows that of the b-quark couplings], defining

Qualitatively, smaller MA → smaller gZZh
large tanβ ⇒ β → π/2

tan 2α

tan 2β
=
M2
A +m2

Z

M2
A −m2

Z

Taking MA → 0, sinα→ −1, gZZh ∝ sin(β − α)→ 0
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Lower bound of MA from LEP bound on charged Higgs

Charged Higgs, H±

Assume B(H+ → cs̄) + B(H+ → τ+ν)
.= 1

� e +e− → H+H− → cs̄sc̄, cs̄τ−ν̄, τ+ντ−ν̄

• L3 observe a large excess in the 4-jets channel
� compatibility with ALEPH, DELPHI, OPAL

is being investigated.
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charged Higgs mass (GeV/c2)

Br
(H

A
oi

)

LEP 189-209 GeV

LEP combined search excludes (95%CL)

mH± < 78.6 (78.8 exp.) GeV

for any B(H+ → τ+ν)

Pedro Teixeira-Dias

July 10, 2001

Higgs boson searches at LEP Page 20

Charged Higgs may also close to MA. At tree level:

M2
H± = M2

A +m2
W

MA > 80 GeV is required to survive the LEP direct search
bound (via Zh) and LEP charged Higgs search.
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Since H is Hu-like and h is Hd-like, Mh 'M11,MH 'M22.

M2
H 'M2

22 ' M2
A cos2 β +m2

Z sin2 β

(
1− 3

8π2
y2t t

)
+

y4t v
2

16π2
12 sin2 β

{
t

[
1 +

t

16π2

(
1.5y2t + 0.5y2b − 8g23

)]
+

Atã

M2
SUSY

(
1− Atã

12M2
SUSY

)[
1 +

t

16π2

(
3y2t + y2b − 16g23

)]}
− v2y4b

16π2
sin2 β

µ4

M4
SUSY

[
1 +

t

16π2

(
9y2b − 5y2t − 16g23

)]
+O(y2tm2

Z)

M. S. Carena, J. R. Espinosa, M. Quiros and C. E. M. Wagner, Phys. Lett. B 355, 209 (1995) [hep-ph/9504316].
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At tree level, MA → mZ , Mh →MH →MZ : nondecoupling
One may always realize a 125 GeV heavy Higgs boson in
nondecoupling MSSM scenario.

mh < MH = 125GeV ∼MA ∼MH±

125GeV

h

H
H!

Mt"L # Mt"R # 500 GeV
Μ " 2300 GeV
At " #740 GeV
tanΒ=11

140 160 180 200 220 240

50

100

150

200

250

MA!GeV"

H
ig
gs
M
as
s!Ge

V"
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Consequences of Non-decoupling

One may always realize a 125 GeV heavy Higgs boson. And
non-decoupling scenario may evade all constraints from LEP
but ....

However, is the scenario flavor safe as mH+ ∼ mA?
B+ → τ+ν; B → D(∗)τντ ;
µ→ eγ
b→ s transition: b→ sγ; Bs → µ+µ−;
t→ bH+ with H+ → τ+v;

In addition, light h and H can enhance spin-independent
neutralino-nuclei scattering. If DM consists of only
neutralino, how about bounds from direct detection?
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Bu → τν in general 2HDM and SUSY

τ τ

ν ν

b b

W− H−

BR(B+→τ+ν)MSSM

BR(B+→τ+ν)SM
=

∣∣∣∣1−
m2

B

M2
H+

tan2 β
(1+ε∗0 tanβ)(1+εl tanβ)

∣∣∣∣
2

tanβ ∼10: ε∗0 and εl below 1%
MSSM corrections to d-type quarks and lepton mass
matrix can be neglected
nondecoupling: MH+ ∼ 130 GeV， tanβ ∼ 10
MSSM prediction: 20%− 30% smaller than the SM
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Bu → τν in general 2HDM and SUSY

τ τ

ν ν

b b

W− H−

MSSM prediction in nondecoupling limit: 20%− 30%
smaller than the SM, consistent with the new Belle data
SM prediction: (0.95± 0.27)× 10−4

world average before 2012: (1.65± 0.34)× 10−4

Belle: 0.72+0.29
−0.27 × 10−4 (new)

Similarly, the charged Higgs contribution to B → D(∗)τντ
and µ→ eγ are not very significant in the interesting region
of MH± and tanβ.
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B → Xsγ in general 2HDM and SUSY

b bs s

γ γ

t t
W− H−

light H+ enhances B → Xsγ

type-II 2HDM: MH+ > 300 GeV almost independently of
the value of tanβ

nondecoupling: MH+ ∼ 130 GeV
non-trival SUSY setup may cancel H+ contribution
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B → Xsγ in MSSM

Helicity must be flipped in the involved quark states:
mb insertion in SM

U(3)Q × U(3)d chiral symmetry breaking
Electroweak symmetry breaking

SUSY contributions:
CSUSY

7,8 = CH
±

7,8 + Cχ̃
±

7,8 + C g̃7,8 + Cχ̃
0

7,8

CH
±

7,8 is also suppressed by mb insertion, and has the same
sign as the SM amplitude.

Cχ̃
0

7,8 is a negligible contribution.

Cχ̃
±

7,8 and C g̃7,8 are the squark contributions. They are not
necessarily suppressed by mb, which is helpful to cancel
the SM and charged Higgs amplitudes. (mb insertion, vu
insertion and vd insertion).
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B → Xsγ in MSSM
6.2 The Magnetic and Chromomagnetic b ! s� Operators 59

bR bL sL

mb

t̃R

H̃u

�, ga)

bR sL

t̃L t̃R

H̃d H̃u

µ

(�LR
u )33

�, gb)

bR bL sL

mb

ũL, c̃L, t̃L

W̃

�, gc)

bR sL

ũL, c̃L, t̃L

H̃d W̃
v1

�, gd)

bR sL

ũL, c̃L, t̃L

H̃d

H̃u W̃

W̃
µ

v2

M2

�, ge)

bR bL sL

mb (�LL
u )32

t̃L c̃L

W̃

�, gf)

bR sL

t̃L c̃L

H̃d W̃
v1

(�LL
u )32

�, gg)
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t̃L c̃L

H̃d

H̃u W̃

W̃
µ

v2

M2

(�LL
u )32

�, gh)

Figure 6.2: Leading order chargino contributions to the Wilson coe�cients C7,8. The photon/gluon
is attached to the loop in all possible ways.

+

✓
Mg̃µ

m̃2
tan � +

Mg̃A
⇤
b

m̃2

◆
(�LL

d )32 g
(3)
7,8(xg)

�
, (6.10)

4GFp
2

V ⇤
tsVtb C 0g̃

7,8 =
g2

s

m̃2


(�RR

d )32 g
(1)
7,8(xg) +

Mg̃

mb

(�LR
d )32 g

(2)
7,8(xg)

+

✓
Mg̃µ

⇤

m̃2
tan � +

Mg̃Ab

m̃2

◆
(�RR

d )32 g
(3)
7,8(xg)

�
. (6.11)

While diagrams a) to c) of figure 6.3 contribute to C7,8 and are sensitive to (�LL
d )32 and

(�RL
d )32 mass insertions, contributions to C 0

7,8 are induced by the diagrams d) to f) that
are instead sensitive to (�RR

d )32 and (�LR
d )32 mass insertions. As a matter of fact, gluino

contributions are the only ones that can lead to non-negligible e↵ects in C 0
7,8 at the leading

order.
We mention that diagrams c) and f) involve a double mass-insertion along the down-

squark propagators and can lead to sizable contributions that are proportional to µ tan �.

Light stop helps to cancel the H± contribution [Top right figure].
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B → Xsγ in MSSM

Cχ̃
±

7,8 :
mb insertion: suppressed by mb

vd insertion: not important due to large tanβ
vu insertion (effectively 10 · 5c ·H∗

u-like: QdcH̄u)
Higgsino penguins from vu insertion destructively interfere
with the SM and charged Higgs contribution if µAt < 0
light stop helps the cancellation as µAt

M2
t̃

wino-stop contribution suppressed by Super-GIM if
degenerate squark masses (MFV).

C g̃7,8 is also important: enhanced by µ tanβ, M3/mb
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B → Xsγ in MSSM

Field Q uc ec dc ` Hu Hd θ

R-charge 1
5

1
5

1
5

7
5

7
5

8
5

2
5 1

PQ 0 0 0 -1 -1 0 1 0

R[QdcH̄u] : 1
5 + 7

5 − 8
5 = 0

PQ[QdcH̄u] : 0 + (−1) + 0 = −1

The leading SUSY correction is QdcH̄u-like, which must
break PQ and R symmetry. Their contribution are
propotional to µAt.
SUSY correction will destructively interfere with the SM
and charged Higgs contribution if µAt < 0. Light stop helps
this cancellation as µAt

M2
t̃

.

These SUSY correction at the same time contribute to
∆mb (cannot contribute to ∆mτ ).
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Bs → µ+µ− in MSSM

SM: (3.27±0.23)×10−9 due to small muon mass m2
µ/m

2
BS

LHCb: 3.2+1.5
−1.2 × 10−9 (Nov. 12, 2012)

CSUSY
S,P = CH

±
S,P + Cχ̃

±

S,P + C g̃S,P + Cχ̃
0

S,P

MSSM: leading penguin diagrams Cχ̃
±

S,P, C
g̃
S,P ∝ tan6 β

if tanβ ∼10, all 1-loop diagrams have to be considered:
e.g., charged Higgs diagrams CH

±
S,P ∝ tan4 β

In nondecoupling limit, it is even worse since the neutral
Higgs bosons are all light: tan6 β/M4

A.

浙浙浙江江江大大大学学学浙浙浙江江江近近近代代代物物物理理理中中中心心心王王王浏浏浏诚诚诚 Liucheng Wang, ZIMP, Zhejiang University



SUSY corrections to the down quark mass matrix

Off-diagonal correction

Diagonal correction
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General Constraints

SUSYFlavor2.01, FeynHiggs2.9.2, HiggsBound3.8.0
MH : 125± 2 GeV
Rγγ = σγγobs/σ

γγ
SM : 1 ∼ 2

LEPII+Tevatron+LHC Higgs search bounds
BR(B → Xsγ) < 5.5× 10−4

Experimental: (3.43± 0.22)× 10−4

SM NNLO: (3.15± 0.23)× 10−4

FeynHiggs SM NLO predicton: (3.8)× 10−4

BR(Bs → µ+µ−) < 6× 10−9

Experimental upper limit: 4.2× 10−9

SM prediction (3.27± 0.23)× 10−9

SUSYFlavor SM predicton 4.8× 10−9 (Hadronic
parameters ?)
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Input

MQ̃1,2
= Mũ1,2 = Md̃1,2,3

= ML̃1,2,3
= Mẽ1,2,3 = 1 TeV ,

MQ̃3
= Mt̃ = 200, 400, 500 and 1000 GeV,

M1 = 200 GeV,M2 = 400 GeV,M3 = 1200 GeV .

MA : 95 ∼ 150 GeV
tanβ : 1 ∼ 30

µ : 200 GeV ∼ 3 TeV
Au = Ad = A` : −3 ∼ 3 TeV

Light stau enhances the diphoton but irrelevant to b→ s
transition
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= 1000 GeV

MA : 95 GeV-- 150 GeV

tanΒ : 1 -- 3 0
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No survivors when assuming 200GeV and 400 GeV stop,
reduced gg → H (light stop loop cancels top-quark loop)
Red: MH : 125± 2 GeV, Rγγ : 1− 2, and combined direct
search bounds. Blue: B → Xsγ. Black: Bs → µ+µ−

Typical survival points are Mt̃ ∼ 500 GeV, MA ∼ 140 GeV,
tanβ ∼ 10, µ ∼ 2.5 TeV, At ∼ −750 GeV.
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t→ bH+ at the LHC
Assuming BR(H+ → τ+ντ ) = 100%

!

!
!

!

!

ATLASObserved CLs
Data2011 7 TeV 4.6 fb!1

120 130 140 150 1600.000

0.005

0.010

0.015

0.020

MH!!GeV"

B
r#t"

bH
!
$

Way below the ATLAS bounds
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We pay more attention to the survived corner of parameter
space :

H is SM-like (Hu-like since vu � vd)
Htt is close to 1: gg → H similar to SM rate
HWW is similar to SM: Γ(H →WW ∗ → 2`2ν),
Γ(H → ZZ∗ → 4`) and Γ(H → γγ) (W-loop dominates)
similar to SM values

Reduced Hbb can enhance the Rγγ (also RWW and RZZ)
Light stau can further enhance the diphoton partial width.
bb channel and di-tau channel would be checked by further
experiments
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H → τ+τ−

0.0 0.2 0.4 0.6 0.8 1.00

1

2

3

4

Rb b

R
Τ"
Τ#

The flavor constraints made the large correction in ∆mb

inevitable, which leads to enhanced ττ (Also pointed out
by K.Hagiwara et al.)

Rτ+τ− ' rgg ∗ rτ+τ−/rbb̄
Rττ < 1 can be achieved if a new decay H → hh opens up.
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No Enhanced τ+τ− observed!

Kevin Einsweiler for HCP 2012

H -> WW Results�
• When combining the 2011 and 2012 data, there are a total of 5+6+2 in three decay 

channels for 2011, and 4+6+2 for three decay channels in 2012, or 25 total. 
• Uncertainties cover theory uncertainties, detector performance, and background 

modeling.  Dominant uncertainty related to tau energy scale and Z -> WW lineshape. 
• The local significance for mH = 125 GeV is 1.1V observed (1.7V expected). 
• The observed (expected) sensitivity is 1.9 (1.2) times the SM predicted value (P=1). 
• The results are consistent with either the background hypothesis, or the SM Higgs 

hypothesis. The best-fit P value at 125 GeV is P = 0.7 ± 0.7 
 
 

20 

ATLAS: Rττ=0.7 +/-0.64;
CMS: Rττ=1.1 +/- 0.4;
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bb̄ Channel

b has large error bar

VH with H -> bb Results�
• Cross-check from fitting process: find expected di-boson peak in Z -> bb from WZ 

and ZZ processes. Plot below sums over all 16 categories. Significance of peak is 
roughly 4 sigma. 

27 

• Fitted “P” for SM di-bosons is 1.05 ± 0.32 
 

• For 2011/2012 rate plot, observed P limit 
at 125 GeV is 1.8 and expected limit is 1.9. 

• The observed p0 is 0.64 while the expected 
p0 is 0.15. 

• The best-fit P is -0.4 ± 0.7 (stat) ± 0.8 (syst) 
at mH=125 GeV 

 
But µ ' 1 at CMS
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New H → hh Channel
Γ(H → hh) ∼Γ(hSM → bb)SM is needed to compensate the
total decay width (Highly fine-tuned though)

and

∆M2
22 ∼ ε =

3m4
t

2π2v2 sin2 β

[
log

M2
SUSY

m̄2
t

+
X2

t

2M2
SUSY

(
1 − X2

t

6M2
SUSY

)]
(8)

where Xt = At − µ cotβ andMSUSY = (Mt̃1 + Mt̃2)/2.

With one loop correction , the mixing angle α can be obtained

tan 2ᾱ

tan 2β
=

M2
A + m2

Z

M2
A − m2

Z + ε/ cos 2β
. (9)

The trilinear coupling among neutral Higgs bosonsHhh, in unit of −i
m2

Z

v
, is given in

λHhh = [(2 sin 2α sin(β + α) − cos 2α cos(β + α)] , (10)

with one-loop correction

∆λHhh = 3
ε

m2
Z

sin α

sin β
cos2 α . (11)
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FIG. 1. (a) Mixing angle α and (b) normalized Hhh coupling λHhh with respect toMA, the other parame-

ters are fixed as shown explicitly in the plots.

Plotted in Fig. 1 are the mixing angle α and normalized Hhh coupling λHhh with respect to

MA using one-loop result from Eqs 9, 10, 11 while the other parameters are fixed as in [18]

µ = 2800 GeV, tanβ = 12, Mt̃L = Mt̃R = 500 GeV, At = −650 GeV . (12)

Around α ∼ −π/4, λHhh vanishes. Therefore, in order to get a highly reduced λHhh, one can

choose this fine-tuned region ofMA.

6

e+e− → Ah with A→ bb̄, A→ hZ for Mh ∼ 20 GeV, bs and
τs are soft. Evade the LEPII search of 4b+ 2b2τ

WH/ZH with H → hh→ 2b2τ + 4b+ 4τ combined
requires 100 fb−1 at 14 TeV LHC.
gluon fusion requires 300 fb−1
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Dark Matter Direct Detection

Light higgs h and H may significantly enhance the
spin-independent neutralino-nuclei cross section through
Higgs exchange.
Light Stop may further enhance this cross section due to
loop contribution to neutralino-gluon scattering. Drees and Nojiri
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Dark Matter Direct Detection

XENON100(2012)

Mt!L " Mt!R " 500 GeV

Mt!L " Mt!R " 1000 GeV
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For 500GeV stop and MA <170 GeV, XENON100 put strong
constraint over this scenario.
Irrelevant if neutralino dark matter is not the only DM
component.
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Conclusions

MSSM: mh > 120GeV is nontrival⇒ nondecoupling

LEP bounds:

{
gZZh ↓ ⇒ smallMA

mH+ ⇒MA > 80GeV

Is the scenario flavor safe as mH+ ∼ mA?
The strong constraint comes from b→ s transition:
(I) large PQ and R symmetry breaking with µAt < 0
(II) a light stop Mt̃ ∼ 500 GeV (Mt̃ ∼ 400 GeV excluded by
collider, Mt̃ ∼ 1 TeV excluded by flavor){

(I) ⇒ large ∆mb ⇒ Rττ ↑⇒ H→ hh to make Rττ < 1

(II) ⇒ strongly constrained by XENON100

Thank you very much!
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