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Standard Model – describes nearly everything
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as possible?
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Minimal number of new particles
No new scales before inflation/gravity
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νMSM+inflation – describes everything
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CMS “new boson” results
5.2 H ! ZZ 13

 (GeV)Ɛ4m
80 100 120 140 160 180

E
ve

nt
s 

/ 3
 G

eV

0

2

4

6

8

10

12

14

16 Data

Z+X
*, ZZγZ
=125 GeVHm

CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs

 (GeV)Ɛ4m
120 140 160

E
ve

nt
s 

/ 3
 G

eV

0

1

2

3

4

5

6  > 0.5DK

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

28 8 Conclusions

are allowed to vary independently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to a particle with a unique mass
mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided
by examination of the best-fit value for the common signal strength s/sSM, obtained in a com-
bination of all search channels. Figure 18 shows a scan of the overall s/sSM obtained in the
combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-
sponds to the ±1 s uncertainty (statistical and systematic). The excesses seen in the 7 TeV and
8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 s
uncertainties. The observed s/sSM value for an excess at 125.5 GeV in a combination of all
data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-
consistency. Figure 19 shows the measured values of s/sSM results obtained for the different
decay modes. These results are consistent, within uncertainties, with the expectations for a SM
Higgs boson.
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Figure 17: The 68% CL contours for the signal strength s/sSM versus the boson mass mX for the
untagged gg, gg with VBF-like dijet, 4`, and their combination. The symbol s/sSM denotes the
production cross section times the relevant branching fractions, relative to the SM expectation.
In this combination, the relative signal strengths for the three decay modes are constrained by
the expectations for the SM Higgs boson.

8 Conclusions
Results are presented from searches for the standard model Higgs boson in proton-proton col-
lisions at

p
s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb�1 at 7 TeV and 5.3 fb�1 at 8 TeV. The search

30 8 Conclusions
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 = 125.5 GeVH m

Figure 19: Values of s/sSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall s/sSM value 0.87 ± 0.23. The symbol
s/sSM 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
s/sSM values for individual modes; they include both statistical and systematic uncertainties.

.
“New boson” mass..
...... Mh = 125.3± 0.4(stat)± 0.5(syst)GeV

5.8σ for SM Higgs boson of this mass
[CMS’12]
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ATLAS “new particle” results

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
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“New particle” mass
..
...... Mh = 125.2± 0.3(stat)± 0.6(syst)GeV

0[ATLAS’12/12]
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SM everywhere?

.

......
What happens if there is nothing else up to the Planck scales?
(or at least up to the scale of inflation)
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Renormalization evolution of the Higgs self coupling λ

(4π)2βλ = 24λ2 − 6y4t

+
3
8
(2g42 + (g22 + g21)

2)

+ (−9g22 − 3g21 + 12y2t )λ

High Mh – strong coupling
Low Mh – our (EW)
vacuum is metastable.
Boundary situation –
Mh = Mmin

.

......
λ(μ0) = 0, βλ(μ0) ≡ μ

dλ
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= 0

Coupling constant evolution:
Strong coupling
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Even metastable EW vacuum overlives the Universe

..

Will the vacuum decay?

.

Fermi Planck Fermi Planck

φ φ

VV

JC
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P
05(2008)002

Cosmological implications of the Higgs mass measurement

Figure 2. Lower bounds on Mh from absolute stability (upper curves) and T = 0
metastability (lower curves). The width corresponds to αs(MZ) = 0.1176±0.0020
(with the higher curve corresponding to lower αs) and we do not show the
uncertainty from higher-order effects, which we estimate to be below 2–3 GeV.
The horizontal line is the LEP mass bound.

loops for Matsubara zero modes. For our numerical work we used a series expansion of
these integrals in terms of modified Bessel functions [15], avoiding high T expansions.

The energy Ec(T ) of the smallest critical bubble large enough to grow (overcoming
the surface tension penalty) controls the false vacuum decay rate through a Boltzmann
suppression factor exp [−Ec(T )/T ]. The quantity Ec(T ) is computed by solving for the
O(3) bounce solution [12] using the finite T potential described above. It is easy to
show [4] that, parametrically, Ec(T )/T ∼ πg/|λ(T )|.

The vacuum decay rate per unit volume is

Γ(T ) # T 4

[
Ec(T )

2πT

]3/2

exp[−Ec(T )/T ]. (7)

The differential decay probability dP/d ln T is obtained by multiplying Γ(T ) above by the
volume of the Universe at temperature T and the time spent at that T . In a radiation-
dominated Universe one has

dP

d ln T
# Γ(T )τ 3

U

Mp

T 2

(
T0

T

)3

, (8)

where T0 # 2.73 K # 2.35 × 10−4 eV and Mp = 1.2 × 1019 GeV is the Planck mass. The
previous result assumes T is smaller than the reheating temperature after inflation, TRH.

Journal of Cosmology and Astroparticle Physics 05 (2008) 002 (stacks.iop.org/JCAP/2008/i=05/a=002) 6

[Espinosa, Giudice, Riotto’07]
.
EW vacuum lifetime > τUniverse..
......Mh > 111GeV
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Definitely not Standard Model if
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Higgs mass is out of the window
..
...... 111GeV ≲ Mh ≲ 1TeV

0Degrassi, et.al.’2012
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Higgs potential stability – which case is realized?

So, do we know – is Higgs light or heavy?
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Calculation steps

Input: Pole masses Mt, Mh
(and other constants at scale μ = MZ)

Convert to MS constants λ(μ), yt(μ) at a scale μ between MZ
and Mt

yt(μ) = 23/4
√
GFMt×

(
1+ δyt(Mt,αS,α, s2W,MZ; μ)

)
λ(μ) =

√
2GFM2

h×
(
1+ δλ(Mt,αS,α, s2W,MZ; μ)

)
Evolve with RG up to the Planck scale

μ
dλ
dμ

= βλ(λ, yt,gi), μ
dyt
dμ

= βyt(λ, yt,gi), . . .

Output: λ(μ) in MS
Finally: solve for λ(μ0) = λ′(μ0) = 0.
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Calculation steps: state of the art
Convert to MS constants λ(μ), yt(μ) at a scale μ between MZ
and Mt

δyt Up to O(α2s), O(α)
O(α3s) [Chetyrkin, Steinhauser’99, Melnikov,Ritbergen’00]
O(ααs) [FB, Kalmykov, Kniehl, Shaposhnikov’12]

δλ Up to O(α)
O(ααs) [FB, Kalmykov, Kniehl, Shaposhnikov’12]
O(y4t ) (Yukawa part of O(α2))

[Degrassi, Di Vita, Elias-Miro, Espinosa, Giudice, Isidori, Strumia’12]

Evolve with RG up to Planck scales
βgi two loops

three loops [Mihaila, Salomon, Steinhauser’12]
βyt , βλ two loops

three loops (no EW gauge contributions)
[Chetyrkin, Zoller’12]
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Size of new contributions to Mmin

Contribution ΔMmin, GeV

Three loop
beta functions -0.23
δyt ∝ O(α3s) -1.15
δyt ∝ O(ααs) -0.13
δλ ∝ O(ααs) 0.62
δλ ∝ O(y4t ) 0.2

OHΑL correction

OHΑL+OHΑΑSL correction

OHΑL+OHΑΑSL+OHyt
4L correction

110 115 120 125 130 135 140

-0.025

-0.020

-0.015

-0.010

-0.005
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Mh, GeV

Λ
HM

tL�
HG

F
M

h2
�

2
L-

1

QCD 2-loop

QCD 3-loop

QCD 3-loop+OHΑL

QCD 3-loop+OHΑL+OHΑΑSL
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-0.0595
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-0.0580
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-0.0570
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23�
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Scale for λ turning negative is high
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-0.02
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Λ

Higgs mass Mh=124 GeV
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Scale Μ, GeV

Λ

Higgs mass Mh=127 GeV
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Scale for vanishing λ and βλ
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Critical Higgs mass is compatible with Mt and αs
Tevatron value: Mt = 173.2± 0.6(stat)± 0.8(syst)GeV
αs(MZ) = 0.1184± 0.0007

170 171 172 173 174 175 176
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Pole top mass Mt, GeV
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up
lin

g
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S
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Higgs mass Mh=125.3 GeV
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Higgs mass Mh=126.5 GeV

.

......
Mmin =

[
129.5+ Mt−173.2GeV

0.9GeV × 1.8− αs−0.1184
0.0007 × 0.6± 2

]
GeV
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Part I Conclusions: Is there a coincidence?

For the Higgs boson mass
.

......
Mmin =

[
129.5+ Mt−173.2GeV

0.9GeV × 1.8− αs−0.1184
0.0007 × 0.6± 2

]
GeV

(that is somewhere between 125–134GeV)
a coincidence takes place in the SM:

.

......λ(μ) = βλ(μ) = 0, for μ ≃ MP

To check this coincidence precise measurement of Mh and
Mt is needed

Build a lepton collider at ≳ 350GeV!
Calculate of higher order relations between MS parameters
and masses
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Outline
...1 Introduction

Standard Model and the reality of the Universe
Minimal extension – still “Standard Model”
Current Higgs boson results

...2 Higgs from EW scale up to Planck scale
Renormalization evolution of Higgs self coupling
Present theoretical knowledge
Critical Higgs mass

...3 “Standard” model examples
Asymptotic safety
Higgs inflation
R2 inflation

...4 Summary
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Asymptotic safe model has a non-trivial UV fixed point

Above Planck scale beta functions get additional terms

βgravh =
ah
8π

μ2

M2
P(μ)

h

where h ∈ {g1,g2,g3, λ, yt} – coupling constant and the
running Planck mass is

M2
P(μ) ≃ M2

P + 2ξ0μ
2

with ξ0 ≃ 0.024
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Asymptotic safety prediction of the Higgs mass
aλ < 0 leads to the bounds Mmin < Mh < Mmax

Fermi Planck Fermi Planck

λ λ

µ µ

.

......aλ > 0 leads to the prediction Mh = Mmin

Up to a difference of 0.1–0.2GeV

Fermi Planck

λ

µ

Fermi Planck

λ

µ

Fermi

λ

µ

Planck

[Shaposhnikov, Wetterich’09]
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There are other models predicting the same Higgs
mass

Forggart, Nielsen’96 – Multiple point principle.
All the vacua should be degenerate – thus, the same
prediction Mh = Mmin

Masina, Notari’11 – inflation from the decay of the
metastable Planck scale vacuum – Mh ≃ Mmin

…
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Inflation may change things

.

......Adding inflation to the model – will it give bounds?
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Non-minimal coupling of the Higgs gives inflation
.
Quite an old idea..

......

Add h2R term (required by renormalization) to the usual M2
PR

term in the gravitational action
A.Zee’78, L.Smolin’79, B.Spokoiny’84

D.Salopek J.Bond J.Bardeen’89

.
Scalar part of the (Jordan frame) action
..

......
SJ =

∫
d4x

√
−g

{
−
M2
P
2
R− ξ

h2

2
R+gμν

∂μh∂νh
2

− λ
4
(h2− v2)2

}

h is the Higgs field; MP ≡ 1√
8πGN

= 2.4× 1018GeV

SM higgs vev v ≪ MP/
√
ξ

[FB, Shaposhnikov’08]
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Conformal transformation – way to calculate

It is possible to get rid of the non-minimal coupling by the
conformal transformation (change of variables)

ĝμν = Ω2gμν , Ω2 ≡ 1+
ξh2

M2
P

Redefinition of the Higgs field to get canonical kinetic term

dχ
dh

=

√
Ω2 + 6ξ2h2/M2

P

Ω4 =⇒

{
h ≃ χ for h < MP/ξ
Ω2 ≃ exp

(
2χ√
6MP

)
for h > MP/ξ

.
Resulting action (Einstein frame action)
..

......
SE =

∫
d4x
√

−ĝ

{
−
M2
P
2
R̂+

∂μχ∂μχ
2

− λ
4
h(χ)4

Ω(χ)4

}
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Potential – different stages of the Universe

..
χ

.

U

.

λM4
P

4ξ2

.
MP/ξ
.

MP

.
χWMAP ≃ 5.4MP

. λ(
χ2

−
v2
)2

4

.

λM4
P

4ξ2
(
1− e−2χ/

√
6MP
)2

.

H
ot

B
ig
B
an

g

.

P
re
he

at
in
g

(m
at
te
r

do
m
in
at
ed

)

.

Slow roll inflation
.
δT/T ∼ 10−5 normalization
..

......

ξ√
λ
≃ 47000 ns ≃ 0.967

r ≃ 0.0032
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CMB parameters are predicted

0.94 0.96 0.98 1.00 1.02
0.0

0.1

0.4

0.3

0.2

WMAP5 50 60

SM+  h Rξ 2

.

......

spectral index n ≃ 1− 8(4N+9)
(4N+3)2 ≃ 0.97

tensor/scalar ratio r ≃ 192
(4N+3)2 ≃ 0.0033

δT/T ∼ 10−5 =⇒ ξ√
λ
≃ 47000
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No high energy minimum of potential should appear
below inflation

Fermi Planck Fermi Planck

φ φ

VV

.
In Higgs Inflation – Bound on the Higgs mass
..
...... Mh > Mmin

Up to a difference of 0.1–0.2GeV
[FB, Shaposhnikov’09]
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Modifying the gravity action gives inflation

Another way to get inflation in the SM
.
The first working inflationary model
..
......[Starobinsky’80]

.
The gravity action gets higher derivative terms
..

......
SJ =

∫
d4x

√
−g

{
−
M2
P
2
R+

ζ2

4
R2

}
+ SSM
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Conformal transformation

conformal transformation (change of variables)

ĝμν = Ω2gμν , Ω2 ≡ exp
(

χ(x)√
6MP

)
χ(x) – new field (d.o.f.) “scalaron”
.
Resulting action (Einstein frame action)
..

......
SE =

∫
d4x
√

−ĝ

{
−
M2
P
2
R̂+

∂μχ∂μχ
2

−
M4
P

4ζ2

(
1− e

− 2χ√
6MP

)2
}



. . . . .
Introduction

. . . . . . . . . . . . .
Higgs from EW scale up to Planck scale

. . . . . . . . . . . . . . .
“Standard” model examples Summary

Inflationary potential

..
χ

.

U =
M4
P

4ζ2
(
1− e−2χ/

√
6MP
)2

.

M4
P

4ζ2

.
MP

.
χWMAP ≃ 5.4MP

.

H
ot

B
ig
B
an

g

.

P
re
he

at
in
g

(m
at
te
r

do
m
in
at
ed

)

.

Slow roll inflation
.
δT/T ∼ 10−5 normalization
..

......
ζ ≃ 47000 ns ≃ 0.965

r ≃ 0.0036
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The SM vacuum should not decay at hot stage after
inflation

The electroweak vacuum may
decay at high temperature JC

A
P

05(2008)002

Cosmological implications of the Higgs mass measurement

Figure 3. Upper bounds on TRH, as functions of Mh, from sufficient stability
of the electroweak vacuum against thermal fluctuations in the hot early
Universe for three different values of the top mass. The lower curves are for
Hf = 1013 GeV, the upper ones for Hf deduced from equation (11), Hf =
[4π3g∗(TRH)/45]1/2(T 2

RH/Mp), which corresponds to the case of instant reheating.
We take αS(MZ) = 0.1176. Lowering (increasing) αS(MZ) by one standard
deviation lowers (increases) the bound on TRH by up to one order of magnitude.

lower bound on TRH as a function of M1, the mass of the lightest right-handed neutrino [17].
This bound reaches its minimum for M1 ∼ TRH, when TRH > 3 × 109 GeV [18]. This
condition could be in conflict with the upper bound on TRH shown in figure 3, if the Higgs
mass turns out to be very close to the LEP lower limit and if the top mass is on the
high side of the allowed experimental range. However we stress that these considerations
apply only to the case of hierarchical thermal leptogenesis in the SM, with no new physics
present below the scale M1.

The Yukawa couplings hν of the heavy right-handed neutrinos could in principle affect
the bound on TRH, since hν can modify the instability scale of the Higgs potential [19]
with its effect on the evolution of λ above the M1 threshold. Because h2

ν = mνM1/v2,
such effects turn out to be important only if the mass of the right-handed neutrinos is
sufficiently large, M1 ! (1013–1014) GeV [19]. Therefore, the existence of heavy right-
handed neutrinos can modify the bounds on TRH we have obtained only at such large
energy scales, i.e. for TRH > M1 ! (1013–1014) GeV.

4. Survival probability of the electroweak vacuum during inflation

In the previous section we have discussed the stability of the electroweak vacuum against
thermal fluctuations. These are expected to drive the Higgs field towards the instability

Journal of Cosmology and Astroparticle Physics 05 (2008) 002 (stacks.iop.org/JCAP/2008/i=05/a=002) 8

[Espinosa, Giudice, Riotto’07]
Reheating is due to MP suppressed operators ⇒
temperature is low Tr ∼ 107 − 109GeV
.
Higgs mass bounds in R2 is weak
..

......

mH > 116GeV

(superseded by LEP/LHC)
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Different Tr means different field at horizon exit

Hubble at the Horizon exit H∗ =
k
a0

a0
ar

ar
aee

N∗

ar
a0

=

(
g0
gr

)1/3 T0
Tr

,
ar
ae

=

(
Ve

gr π
2

30T
4
r

)1/3

E-folding number of the hirizon exit

N∗ ≃ 57−1
3
log

1013GeV
Tr

⇒ NHI = 57.7, NR2 = 54.4

..
χ

.

U

.

χ∗ for R2

.

χ∗ for HI

0Bezrukov, Gorbunov’12
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Different predictions for CMB observables

.

......

Higgs inflation: ns = 0.967, r = 0.0032
R2 inflation: ns = 0.965, r = 0.0036

Planck Δns ∼ 0.0045 — not there, but not too far away
CMBPol Δns ∼ 0.0016, δr ∼ 10−3
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Summary
.
Coincidence in pure SM
..

......

λ(MP) =
dλ
dμ

∣∣∣
μ=MP

= 0

for Mh = Mmin =[
128.9+ Mt−172.9GeV

1.1GeV × 2.2− αs−0.1184
0.0007 × 0.6± 2

]
GeV

Future accelerator needed to clear up the situation – Higgs
and top factory – e+e− collider up to ∼ 350GeV

Possible consequences for SM
In some models (i.e. asymptotic safety) – Mh = Mmin is the
prediction
In some models (i.e. Higgs inflation) – Mh > Mmin
In some models (R2 inflation) – no problem with light Mh
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ATLAS “new particle” results (July)

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].

 [GeV]4lm
100 150 200 250

Ev
en

ts
/5

 G
eV

0

5

10

15

20

25

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

4l→
(*)ZZ→H

Data
(*)Background ZZ

tBackground Z+jets, t
=125 GeV)

H
Signal (m

Syst.Unc.

ATLAS

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
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Figure 11: Confidence intervals in the (µ,mH) plane for the
H→ZZ(∗)→ 4!, H→ γγ, and H→WW(∗)→ !ν!ν channels, including
all systematic uncertainties. The markers indicate the maximum like-
lihood estimates (µ̂, m̂H ) in the corresponding channels (the maximum
likelihood estimates for H→ZZ(∗)→ 4! and H→WW(∗)→ !ν!ν coin-
cide).

plane of µggF+t  tH ×B/BSM and µVBF+VH ×B/BSM, where
B is the branching ratio for H→ γγ, can be obtained
(Fig. 12). Theoretical uncertainties are included so that
the consistency with the SM expectation can be quanti-
fied. The data are compatible with the SM expectation
at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have
been performed in the H→ ZZ(∗)→ 4!, H→ γγ and
H→WW (∗)→ eνµν channels with the ATLAS experi-
ment at the LHC using 5.8–5.9 fb−1 of pp collision data
recorded during April to June 2012 at a centre-of-mass
energy of 8 TeV. These results are combined with ear-
lier results [17], which are based on an integrated lu-
minosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-
of-mass energy of 7 TeV, except for the H→ ZZ(∗)→ 4!
and H→ γγ channels, which have been updated with the
improved analyses presented here.

The Standard Model Higgs boson is excluded at
95% CL in the mass range 111–559 GeV, except for
the narrow region 122–131 GeV. In this region, an ex-
cess of events with significance 5.9σ, corresponding
to p0 = 1.7 × 10−9, is observed. The excess is driven
by the two channels with the highest mass resolution,
H→ZZ(∗)→ 4! and H→ γγ, and the equally sensitive
but low-resolution H→WW (∗)→ !ν!ν channel. Taking
into account the entire mass range of the search, 110–
600 GeV, the global significance of the excess is 5.1σ,
which corresponds to p0 = 1.7 × 10−7.

SM B/B× 
ttHggF+

µ
-1 0 1 2 3 4 5

SM
 B

/B
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VH
VB
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µ

-2

0

2

4

6

8

10
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ATLAS 2011 - 2012
-1Ldt = 4.8 fb∫ = 7 TeV:  s
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Best fit
68% CL
95% CL

Figure 12: Likelihood contours for the H→ γγ channel in the
(µggF+t  tH , µVBF+VH ) plane including the branching ratio factor
B/BSM. The quantity µggF+t  tH (µVBF+VH) is a common scale factor
for the ggF and t  tH (VBF and VH) production cross sections. The
best fit to the data (+) and 68% (full) and 95% (dashed) CL contours
are also indicated, as well as the SM expectation (×).

These results provide conclusive evidence
for the discovery of a new particle with mass
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV. The signal
strength parameter µ has the value 1.4 ± 0.3 at the
fitted mass, which is consistent with the SM Higgs
boson hypothesis µ = 1. The decays to pairs of vector
bosons whose net electric charge is zero identify the
new particle as a neutral boson. The observation in
the diphoton channel disfavours the spin-1 hypothe-
sis [140, 141]. Although these results are compatible
with the hypothesis that the new particle is the Standard
Model Higgs boson, more data are needed to assess its
nature in detail.
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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 µt  tH have been grouped together as they
scale with the t  tH coupling in the SM, and are denoted
by the common parameter µggF+t  tH . 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
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Error budget
Theoretical

Source of uncertainty Nature of estimate ΔtheorMmin, GeV

3-loop matching λ Sensitivity to μ 1.0
3-loop matching yt Sensitivity to μ 0.2
4-loop αs to yt educated guess 0.4
confinement, yt educated guess 0.5
4-loop RG MW → MP educated guess < 0.2

total uncertainty sum of squares 1.2
total uncertainty linear sum 2.3

Experimental
Source of uncertainty ΔexpMmin, GeV

Mt ∼ 2
αs ∼ 0.6

total uncertainty sum of squares 2.1
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αs determination

9. Quantum chromodynamics 25

The central value is determined as the weighted average of the individual measurements.
For the error an overall, a-priori unknown, correlation coefficient is introduced and
determined by requiring that the total χ2 of the combination equals the number of
degrees of freedom. The world average quoted in Ref. 172 is

αs(M2
Z) = 0.1184 ± 0.0007 ,

with an astonishing precision of 0.6%. It is worth noting that a cross check performed in
Ref. 172, consisting in excluding each of the single measurements from the combination,
resulted in variations of the central value well below the quoted uncertainty, and in a
maximal increase of the combined error up to 0.0012. Most notably, excluding the most
precise determination from lattice QCD gives only a marginally different average value.
Nevertheless, there remains an apparent and long-standing systematic difference between
the results from structure functions and other determinations of similar accuracy. This
is evidenced in Fig. 9.2 (left), where the various inputs to this combination, evolved to
the Z mass scale, are shown. Fig. 9.2 (right) provides strongest evidence for the correct
prediction by QCD of the scale dependence of the strong coupling.
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Figure 9.2: Left: Summary of measurements of αs(M2
Z), used as input for the

world average value; Right: Summary of measurements of αs as a function of the
respective energy scale Q. Both plots are taken from Ref. 172.

July 30, 2010 14:57
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Gravity waves at matter dominated stage
Primordial density of scalar perturbations δρ/ρ ∼ 10−5

Grow ∝ scalefactor at matter domination
Can reach δρ/ρ ∼ 1 for long matter domination and small
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