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Introduction


Physics at 7-8 TeV CM Energy of LHC


Physics at 13 TeV   CM Energy of LHC


                      SM & Beyond
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3.8T Solenoid 
ECAL 76k scintillating  

PbWO4 crystals HCAL scintillator & brass 
Interleaved 

•  Pixels (100x150 �m2)~ 1 m2 
• Si Strips (80-180 �m) ~200 m2

Pixels'&'Tracker

MUON'BARREL
250 Drift Tubes (DT) and 
480 Resistive Plate Chambers (RPC) 

473 Cathode Strip Chambers 
432 Resistive Plate Chambers 
 

MUON'ENDCAPS

IRON'YOKE'

YBO 
YB1-2 

YE
1-

3 

Preshower 
Si Strips ~16 m2 
 

Foward Cal 
Steel + quartz 
Fibers  
 

Compact Muon Solenoid (CMS) experiment 
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Compact Muon Solenoid (CMS) experiment 

Some%of%the%hard,to,believe%facts:"
Total"weight"14"000"ton,"diameter"15"m"and"length"28.7m"
In"total"there"are"about""~100"000"000"electronic"channels"
Each"channel"checked"""""40"000"000"Bmes"per"second"(collision"rate"is"40"MHz)"
An"online"trigger"selects"events"and"reduces"the"rate"from"40MHz"to"100"Hz"
Amount"of"data"of"just"one"collision""""">1"500"000"Bytes"3
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TIFR joined the CMS Collaboration in 1994

Participation in hardware, software, 
 data taking and physics

Major contribution in building  
Outer Hadron Calorimeter- HO TIFR+PU
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SiPM	based	HO	Readout	upgrade	--		Module	Assembly	by	TIFR	

160	SiPM	control	boards	and	mounAng	boards-			commissioned		at	CERN	

Recent HO Upgrade  — Readout 
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pp collision data collected at 7 TeV, 8 TeV 
and 13 TeV (most recent)

Some Results
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July 2012 Revolution



Higgs →𝛾𝛾 
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Higgs→ZZ→ 4-leptons

Higgs mass now a precision game
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 Higgs Couplings

All consistent with SM Higgs

 Signal Strength with respect to SM



What about Spin and Parity?

Is it Scalar ?       and the right one?
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0+  favoured over others

Higgs → ZZ*→4-leptons

Use 5 angles and two masses

CMS HIG-13-002
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Independently CMS and ATLAS experiments have  
established that the observed 125 GeV object is  
indeed SM Higgs boson

What could be the consequences ?



Mt = 173.20 ± 0.87 GeV/c2

Mtop (GeV/c2 )

Recent status

Observation in 1997
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Mt = 173.20 ± 0.87 GeV/c2

Mtop (GeV/c2 )

today

Recent status

Observation in 1997
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(Mt , MH) :  (173 , 125)  GeV/c2

Interesting point in Top-Higgs  space 
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Living at the edge:    Proximity to criticality

Measured Mh  and Mt appear special, they 
place SM vacuum in near critical condition, at 
the border between stability and metastability

arXiv:1307.3536 V4, Sept 20, 2014
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We need more focus on Top Quark, 

Might be more special than we thought

LHC is a Top Quark Factory



Top Quark Production  Cross Section and Mass
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mtop = 172.08 ± 0.36stat+JES ± 0.83syst GeVAs precise as World Average 

�Signature

�6 jets, 2 b-tags (high purity selection)

�Analysis ('2D-Ideogram')

�Reconstruct top mass from kin.fit (Pgof > 0.1)

�2D-fit of mass and jet energy scale (JES)                                
using W-mass constraint

�Weight each fit solution by Pgof  

�Measurement from max.likelihood in mass-JES plane

�Dominant Uncertainties

�pT and η-dependent JES: 0.28 GeV

�Pile-up: 0.31 GeV

�Flavour-dependent jet energy scale,                                     
includes hadronization (PYTHIA vs HERWIG) 0.36 GeV

�ME-generator: 0.21 GeV
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Benedikt Hegner                                                DESY Hamburg

Analysis

in CMSSW

Benedikt Hegner

DESY Hamburg
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

TOP-14-002
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TOP-14-001

mtop = 172.04 ± 0.19stat+JES ± 0.75syst GeVAs precise as World Average 
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�Signature

�e/µ + 4 jets, 2 b-tags (high purity selection)

�Analysis ('2D-Ideogram')

�Reconstruct top mass from kin.fit (Pgof > 0.2)

�2D-fit of mass and jet energy scale (JES)                                
using W-mass constraint

�Weight each fit solution by Pgof  

�Measurement from max.likelihood in mass-JES plane

�Dominant Uncertainties

�Jet energy resolution: 0.26 GeV

�Pile-up: 0.27 GeV

�Flavour-dependent jet energy scale,                                     
includes hadronization (PYTHIA vs HERWIG) 0.41 GeV

�ME-generator: 0.23 GeV
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Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge
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CMS alone as good as world average

top mass crucial to decide between
meta stable or stable region
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CMS combination, lepton+jets
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World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 

 [GeV]tm
165 170 175 180

0

2

4

6

 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

CMS Preliminary

top quark mass measurement
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How well can CMS measure top mass in future ?



 t-channel Single Top  production

→ Light jet with high |η|

→ μ only in this analysis

→ Missing Energy

→ b-jet: high pT, central

→ 2nd b-jet: low pT, broad |η| X

decay channelt ! bW ! bµ⌫

Top reconstruction:
• Reconstruct W from μν 
➝ use mW=80.4 GeV (PDG mass) constraint to resolve pZ,ν 
• Add W candidate to b-jet to get top

Soureek  Mitra -Thesis- Poster
Measurement of |Vtb | and

top quark polarisation,

Test of SM and new physics,

Constrain u/d PDF via  σt /σtbar



Post - Fit 

Pre - Fit 

Single top at 13 TeV 

Soureek  Mitra -Thesis- Poster
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Search for New Physics

Many possibilities,  many searches



237/7/14 ICHEP 2014 46 
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7/7/14 ICHEP 2014 44 

Other new physics scenarios
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Merged Jets Leading to One fat jet 

Low boost High boost

Going beyond H(125)  -extended higgs sector Thesis-   B.Parida

Decays to WW ➔ l𝝂 qq’   
and pruned jet mass 
(mJ )reconstructed as three 
body mass (ml𝝂J )

Search for Higgs (-like) boson in the 
 high mass region (600-1000 GeV)
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Search for SUSY in multi-jets at 13 TeV Gluino production

Search performed in the bins HT, HTmiss, Njet, Nb-jet

Sensitive to models with large and small mgluino - mLSP

Probe new territory with early  data
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Ø  Exclude gluino mass from 1.44 to 1.60 TeV 
Ø  Run1 limits were between1.15 and 1.28 TeV 
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Search for Lepto-Quarks at 13 TeV

Poster by Muzamil Bhat 

Study	of		Ra+o	of	W++jets/W-+jets	to	probe		
Parton	Distribu+on	Func+ons	

Poster by Bajrang Sutar
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Search for Exotic Charged  Charmonium-like States in CMS

Discovery of the Z(4430)± in the ψ’π spectrum in  
the decay B0 → ψ’ Kπ by  Belle (2007)
Not confirmed by BABAR,   confirmed by LHCb 

Can CMS find it ?

Nairit - Thesis-poster

Very complex analysis- Could be equally rewarding

Potentially interesting for exotic quark content-   tetra quark?
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Some Remarks

Higgs mass measurement already precision game. 
Beyond any doubt Higgs is a fundamental scalar. 

Great improvement in Top quark studies by CMS, 
moving towards much better precision in mass, cross 
section and couplings. 

No significant anomaly so far from 7-8 TeV LHC data. 
BSM physics yet to show up!  Next stage at 13-14 TeV 
LHC may be more exciting. 

Maintain  the detector and keep collecting data. 

Adventure has just begun,  long journey ahead, 
 Vast territory  to  explore.
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Backup
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Purity:
S/(S+B) =
60.0%

Purity:
72.4%

with harder selection
better purity

Charmonium-like charged states potentially interesting
 for exotic quark content —- tetra-quark? 

B0 ➔J/𝞇(or 𝞇’) K𝝿
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• The amplitude of the decay B0→J/ψ Kπ is represented 
by the sum of Breit-Wigner contributions for several 
intermediate two-body states 

• K∗0(800), K∗(892), K∗(1410), K∗0(1430), K∗2(1430), 
K∗(1680), K∗3(1780), K∗0(1950),K∗2(1980), K∗4(2045) 

• The idea is to show that the fit to data where amplitudes 
of all these resonances add up and interfere is not good 
enough, a new intermediate resonance B0→Z(4430)K, 
(Z(4430)→J/ψπ) is needed

Amplitude Analysis Formalism

Parameter space =

There is good potential to find evidence 
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SMσ/σBest fit 
-4 -2 0 2 4 6

 ZZ (2 jets)→H 
 ZZ (0/1 jet)→H 

 (ttH tag)ττ →H 
 (VH tag)ττ →H 

 (VBF tag)ττ →H 
 (0/1 jet)ττ →H 

 WW (ttH tag)→H 
 WW (VH tag)→H 

 WW (VBF tag)→H 
 WW (0/1 jet)→H 

 (ttH tag)γγ →H 
 (VH tag)γγ →H 

 (VBF tag)γγ →H 
 (untagged)γγ →H 
 bb (ttH tag)→H 
 bb (VH tag)→H 

 0.13± = 1.00 µ       
Combined

CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

Signal strength classified with different tags
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Signal strength classified with different tags
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Higgs Signal Strength with respect to SM

ATLAS to be updated



Result

DHEP SeminarApril 7, 2016 �39
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2

t

⇠ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt̄ total
cross section as function of ↵

s

(M2
Z

) for m
t

= 171.3 GeV 24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.

often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mt¯t.
The variation of the cross section when the scale is changed within a certain range
(often µ/2�2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.

The universal (i.e., process independent) proton PDF fi(xi, µ
2

f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC withp
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced

contribution, while the remainder is mostly due to the qq̄ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/

p
s (due to the minimal energy needed of ŝ > 4m2

t and
setting x

1

= x
2

) is 0.05 (0.025) at
p
s = 7 (14) TeV. At the Tevatron pp̄ collider,

the situation was reversed with the qq̄ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq̄)
contributions contribute only at the percent level, since they are suppressed by an
additional factor ↵s.

The NLO QCD O(↵3

s) corrections to the total tt̄ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(↵2

s↵) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt̄ production at NLO QCD
which include the top quark decays and the correlations between production and

4
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mate NNLO with leading Born term (thin red line).

Our fits return the value c0 = −31.96 + 0.1119NL which
falls within the range estimated in Ref. [24].
The parton level results derived in this section can be

used to derive an estimate for the so-far unknown con-
stant C(2)

gg appearing in the threshold approximation [17].
Expanding Eq. 5 around the limit β → 0 we obtain

C(2)
gg = 338.179− 26.8912NL + 0.142848N2

L . (14)

As explained in Ref. [25], the estimate (14) for C(2)
gg

has to be used with caution and a sizable uncertainty
should be assumed. We have no good way of estimating
the error on the extracted constant and to be reasonably
conservative in the following we take this error to be 50%.

The constant C(2)
gg is related [26] to the hard matching

coefficientsH(2)
gg,1,8 needed for NNLL soft gluon resumma-

tion matched to NNLO. However, since our calculation
deals with the color averaged cross-section, we cannot

extract both constants H(2)
gg,1,8. We proceed as follows.

Close to threshold, the color singlet and color octet

contributions to σ(2)
gg have independent constant terms

C(2)
gg,1,8, with the constant C(2)

gg in Eq. (14) being their
color average. We parameterize the second, unknown,

combination of C(2)
gg,1,8 by their ratio R(2)

gg ≡ C(2)
gg,8/C

(2)
gg,1,

which has the advantage of being normalization inde-

pendent. For any guessed value of R(2)
gg , together with

Eq. (14), we can extract values for the hard matching

constants H(2)
gg,1,8. As a guide for a reasonable value of

R(2)
gg we take the one-loop result (see [17, 25]): R(1)

gg ≡
C(1)

gg,8/C
(1)
gg,1 = 2.18.

In the following we vary R(2)
gg in the range 0.1 ≤ R(2)

gg ≤
8; for each value of R(2)

gg we then vary the color av-

eraged constant C(2)
gg by additional 50%. We observe

that as a result of this rather conservative variation,
the NNLO+NNLL theoretical prediction for LHC 8 TeV
changes by 0.4% (in central value) and by 0.2% (in scale
dependence). Given the negligible phenomenological im-
pact of these variations, we choose as our default values:

H(2)
gg,1 = 53.17, H(2)

gg,8 = 96.34 (forNL = 5) , (15)

derived from Eq. (14) and the mid-range value R(2)
gg = 1.

CALCULATION OF gg → tt̄+X THROUGH O(α4
S)

The calculation of the O(α4
S) corrections to gg → tt̄+

X is performed in complete analogy to the calculations
of the remaining partonic reactions [12–14]. The two-
loop virtual corrections are computed in [27], utilizing
the analytical form for the poles [28]. We have computed
the one-loop squared amplitude; it has previously been
computed in [29]. The real-virtual corrections are derived
by integrating the one-loop amplitude with a counter-
term that regulates it in all singular limits [30]. The
finite part of the one-loop amplitude is computed with
a code used in the calculation of pp → tt̄ + jet at NLO
[31]. The double real corrections are computed in [11].
Factorization of initial state collinear singularities as well
as µF,R scale dependence is computed in a standard way;
see Refs. [13, 14].

PHENOMENOLOGICAL APPLICATIONS

In table I we present our most precise predictions
for the Tevatron and LHC at 7, 8 and 14 TeV.
All numbers are computed for m = 173.3 GeV and
MSTW2008nnlo68cl pdf set [32] with the program
Top++ (v2.0) [33]. Scale uncertainty is determined
through independent restricted variation of µF and µR.
Our best predictions are at NNLO and include soft gluon

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.164 +0.110(1.5%)
−0.200(2.8%)

+0.169(2.4%)
−0.122(1.7%)

LHC 7 TeV 172.0 +4.4(2.6%)
−5.8(3.4%)

+4.7(2.7%)
−4.8(2.8%)

LHC 8 TeV 245.8 +6.2(2.5%)
−8.4(3.4%)

+6.2(2.5%)
−6.4(2.6%)

LHC 14 TeV 953.6 +22.7(2.4%)
−33.9(3.6%)

+16.2(1.7%)
−17.8(1.9%)

TABLE I: Our best NNLO+NNLL theoretical predictions for
various colliders and c.m. energies.

resummation at NNLL [26, 34].
In this letter we take A = 0 as a default value for the

constantA introduced in Ref. [35]. The reason for switch-
ing to a new default value for A (compared to A = 2 in
[12–14, 26]) is that this constant is consistently defined
only through NLO. Nonetheless it contributes at NNLO
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2

t

⇠ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt̄ total
cross section as function of ↵

s

(M2
Z

) for m
t

= 171.3 GeV 24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.

often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mt¯t.
The variation of the cross section when the scale is changed within a certain range
(often µ/2�2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.

The universal (i.e., process independent) proton PDF fi(xi, µ
2

f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC withp
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced

contribution, while the remainder is mostly due to the qq̄ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/

p
s (due to the minimal energy needed of ŝ > 4m2

t and
setting x

1

= x
2

) is 0.05 (0.025) at
p
s = 7 (14) TeV. At the Tevatron pp̄ collider,

the situation was reversed with the qq̄ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq̄)
contributions contribute only at the percent level, since they are suppressed by an
additional factor ↵s.

The NLO QCD O(↵3

s) corrections to the total tt̄ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(↵2

s↵) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt̄ production at NLO QCD
which include the top quark decays and the correlations between production and

4

LHC (7 TeV) Tevatron

gg ~80% ~15%

qq ~20% ~85%
_

Czakon, Fiedler, Mitov arXiv:1303.6254

3

-10

 0

 10

 20

 30

 40

 50

 0  0.2  0.4  0.6  0.8  1

Φ
g

g
 σ

g
g

(2
)

β

LHC 8 TeV
mtop = 173.3 GeV
MSTW2008NNLO(68cl)

Approx NNLO, Leading Born
Approx NNLO, Exact Born

Exact NNLO

FIG. 2: Partonic cross-section times gg flux (2) for the follow-
ing three cases: exact NNLO (thick black line), approximate
NNLO with exact Born term (blue dashed line) and approxi-
mate NNLO with leading Born term (thin red line).

Our fits return the value c0 = −31.96 + 0.1119NL which
falls within the range estimated in Ref. [24].
The parton level results derived in this section can be

used to derive an estimate for the so-far unknown con-
stant C(2)

gg appearing in the threshold approximation [17].
Expanding Eq. 5 around the limit β → 0 we obtain

C(2)
gg = 338.179− 26.8912NL + 0.142848N2

L . (14)

As explained in Ref. [25], the estimate (14) for C(2)
gg

has to be used with caution and a sizable uncertainty
should be assumed. We have no good way of estimating
the error on the extracted constant and to be reasonably
conservative in the following we take this error to be 50%.

The constant C(2)
gg is related [26] to the hard matching

coefficientsH(2)
gg,1,8 needed for NNLL soft gluon resumma-

tion matched to NNLO. However, since our calculation
deals with the color averaged cross-section, we cannot

extract both constants H(2)
gg,1,8. We proceed as follows.

Close to threshold, the color singlet and color octet

contributions to σ(2)
gg have independent constant terms

C(2)
gg,1,8, with the constant C(2)

gg in Eq. (14) being their
color average. We parameterize the second, unknown,

combination of C(2)
gg,1,8 by their ratio R(2)

gg ≡ C(2)
gg,8/C

(2)
gg,1,

which has the advantage of being normalization inde-

pendent. For any guessed value of R(2)
gg , together with

Eq. (14), we can extract values for the hard matching

constants H(2)
gg,1,8. As a guide for a reasonable value of

R(2)
gg we take the one-loop result (see [17, 25]): R(1)

gg ≡
C(1)

gg,8/C
(1)
gg,1 = 2.18.

In the following we vary R(2)
gg in the range 0.1 ≤ R(2)

gg ≤
8; for each value of R(2)

gg we then vary the color av-

eraged constant C(2)
gg by additional 50%. We observe

that as a result of this rather conservative variation,
the NNLO+NNLL theoretical prediction for LHC 8 TeV
changes by 0.4% (in central value) and by 0.2% (in scale
dependence). Given the negligible phenomenological im-
pact of these variations, we choose as our default values:

H(2)
gg,1 = 53.17, H(2)

gg,8 = 96.34 (forNL = 5) , (15)

derived from Eq. (14) and the mid-range value R(2)
gg = 1.

CALCULATION OF gg → tt̄+X THROUGH O(α4
S)

The calculation of the O(α4
S) corrections to gg → tt̄+

X is performed in complete analogy to the calculations
of the remaining partonic reactions [12–14]. The two-
loop virtual corrections are computed in [27], utilizing
the analytical form for the poles [28]. We have computed
the one-loop squared amplitude; it has previously been
computed in [29]. The real-virtual corrections are derived
by integrating the one-loop amplitude with a counter-
term that regulates it in all singular limits [30]. The
finite part of the one-loop amplitude is computed with
a code used in the calculation of pp → tt̄ + jet at NLO
[31]. The double real corrections are computed in [11].
Factorization of initial state collinear singularities as well
as µF,R scale dependence is computed in a standard way;
see Refs. [13, 14].

PHENOMENOLOGICAL APPLICATIONS

In table I we present our most precise predictions
for the Tevatron and LHC at 7, 8 and 14 TeV.
All numbers are computed for m = 173.3 GeV and
MSTW2008nnlo68cl pdf set [32] with the program
Top++ (v2.0) [33]. Scale uncertainty is determined
through independent restricted variation of µF and µR.
Our best predictions are at NNLO and include soft gluon

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.164 +0.110(1.5%)
−0.200(2.8%)

+0.169(2.4%)
−0.122(1.7%)

LHC 7 TeV 172.0 +4.4(2.6%)
−5.8(3.4%)

+4.7(2.7%)
−4.8(2.8%)

LHC 8 TeV 245.8 +6.2(2.5%)
−8.4(3.4%)

+6.2(2.5%)
−6.4(2.6%)

LHC 14 TeV 953.6 +22.7(2.4%)
−33.9(3.6%)

+16.2(1.7%)
−17.8(1.9%)

TABLE I: Our best NNLO+NNLL theoretical predictions for
various colliders and c.m. energies.

resummation at NNLL [26, 34].
In this letter we take A = 0 as a default value for the

constantA introduced in Ref. [35]. The reason for switch-
ing to a new default value for A (compared to A = 2 in
[12–14, 26]) is that this constant is consistently defined
only through NLO. Nonetheless it contributes at NNLO
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2

t

⇠ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt̄ total
cross section as function of ↵

s

(M2
Z

) for m
t

= 171.3 GeV 24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.

often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mt¯t.
The variation of the cross section when the scale is changed within a certain range
(often µ/2�2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.

The universal (i.e., process independent) proton PDF fi(xi, µ
2

f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC withp
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced

contribution, while the remainder is mostly due to the qq̄ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/

p
s (due to the minimal energy needed of ŝ > 4m2

t and
setting x

1

= x
2

) is 0.05 (0.025) at
p
s = 7 (14) TeV. At the Tevatron pp̄ collider,

the situation was reversed with the qq̄ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq̄)
contributions contribute only at the percent level, since they are suppressed by an
additional factor ↵s.

The NLO QCD O(↵3

s) corrections to the total tt̄ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(↵2

s↵) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt̄ production at NLO QCD
which include the top quark decays and the correlations between production and

4
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gg ~80% ~15%

qq ~20% ~85%
_
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FIG. 2: Partonic cross-section times gg flux (2) for the follow-
ing three cases: exact NNLO (thick black line), approximate
NNLO with exact Born term (blue dashed line) and approxi-
mate NNLO with leading Born term (thin red line).

Our fits return the value c0 = −31.96 + 0.1119NL which
falls within the range estimated in Ref. [24].
The parton level results derived in this section can be

used to derive an estimate for the so-far unknown con-
stant C(2)

gg appearing in the threshold approximation [17].
Expanding Eq. 5 around the limit β → 0 we obtain

C(2)
gg = 338.179− 26.8912NL + 0.142848N2

L . (14)

As explained in Ref. [25], the estimate (14) for C(2)
gg

has to be used with caution and a sizable uncertainty
should be assumed. We have no good way of estimating
the error on the extracted constant and to be reasonably
conservative in the following we take this error to be 50%.

The constant C(2)
gg is related [26] to the hard matching

coefficientsH(2)
gg,1,8 needed for NNLL soft gluon resumma-

tion matched to NNLO. However, since our calculation
deals with the color averaged cross-section, we cannot

extract both constants H(2)
gg,1,8. We proceed as follows.

Close to threshold, the color singlet and color octet

contributions to σ(2)
gg have independent constant terms

C(2)
gg,1,8, with the constant C(2)

gg in Eq. (14) being their
color average. We parameterize the second, unknown,

combination of C(2)
gg,1,8 by their ratio R(2)

gg ≡ C(2)
gg,8/C

(2)
gg,1,

which has the advantage of being normalization inde-

pendent. For any guessed value of R(2)
gg , together with

Eq. (14), we can extract values for the hard matching

constants H(2)
gg,1,8. As a guide for a reasonable value of

R(2)
gg we take the one-loop result (see [17, 25]): R(1)

gg ≡
C(1)

gg,8/C
(1)
gg,1 = 2.18.

In the following we vary R(2)
gg in the range 0.1 ≤ R(2)

gg ≤
8; for each value of R(2)

gg we then vary the color av-

eraged constant C(2)
gg by additional 50%. We observe

that as a result of this rather conservative variation,
the NNLO+NNLL theoretical prediction for LHC 8 TeV
changes by 0.4% (in central value) and by 0.2% (in scale
dependence). Given the negligible phenomenological im-
pact of these variations, we choose as our default values:

H(2)
gg,1 = 53.17, H(2)

gg,8 = 96.34 (forNL = 5) , (15)

derived from Eq. (14) and the mid-range value R(2)
gg = 1.

CALCULATION OF gg → tt̄+X THROUGH O(α4
S)

The calculation of the O(α4
S) corrections to gg → tt̄+

X is performed in complete analogy to the calculations
of the remaining partonic reactions [12–14]. The two-
loop virtual corrections are computed in [27], utilizing
the analytical form for the poles [28]. We have computed
the one-loop squared amplitude; it has previously been
computed in [29]. The real-virtual corrections are derived
by integrating the one-loop amplitude with a counter-
term that regulates it in all singular limits [30]. The
finite part of the one-loop amplitude is computed with
a code used in the calculation of pp → tt̄ + jet at NLO
[31]. The double real corrections are computed in [11].
Factorization of initial state collinear singularities as well
as µF,R scale dependence is computed in a standard way;
see Refs. [13, 14].

PHENOMENOLOGICAL APPLICATIONS

In table I we present our most precise predictions
for the Tevatron and LHC at 7, 8 and 14 TeV.
All numbers are computed for m = 173.3 GeV and
MSTW2008nnlo68cl pdf set [32] with the program
Top++ (v2.0) [33]. Scale uncertainty is determined
through independent restricted variation of µF and µR.
Our best predictions are at NNLO and include soft gluon

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.164 +0.110(1.5%)
−0.200(2.8%)

+0.169(2.4%)
−0.122(1.7%)

LHC 7 TeV 172.0 +4.4(2.6%)
−5.8(3.4%)

+4.7(2.7%)
−4.8(2.8%)

LHC 8 TeV 245.8 +6.2(2.5%)
−8.4(3.4%)

+6.2(2.5%)
−6.4(2.6%)

LHC 14 TeV 953.6 +22.7(2.4%)
−33.9(3.6%)

+16.2(1.7%)
−17.8(1.9%)

TABLE I: Our best NNLO+NNLL theoretical predictions for
various colliders and c.m. energies.

resummation at NNLL [26, 34].
In this letter we take A = 0 as a default value for the

constantA introduced in Ref. [35]. The reason for switch-
ing to a new default value for A (compared to A = 2 in
[12–14, 26]) is that this constant is consistently defined
only through NLO. Nonetheless it contributes at NNLO
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�Particle Flow 

�Holistic view of all detector information

�Combination of tracker and calorimeter 
to obtain list of identified particles

� Isolated Leptons (e, µ or τ)

� Isolation (including PU subtraction)

�Calibrations and efficiencies from 
dilepton resonances (Z, ϒ, J/ψ)

�Jet (and ETmiss) 

�Optimal resolution and scale

�Pile-up subtraction based on charged 
component

�b-tagging 

�Combination of several techniques 
(vertex, impact parameter, track 
distributions within jets)

Experimental Ingredients

6

Top quark physics: require high-precision leptons, jets and b-tagging

Jets and Missing Transverse Energy

• Use Anti-kT algo (dR<0.5)
• Jet energy scale 

uncertainty <3% for 
30<Pt<200 GeV

• Jet Pt resolution 10-15%

• Big improvement from 
complementing calorimeter 
with tracking information 
(Particle Flow, also for 
Jets)
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Figure 6: Discriminator values for the (top) TCHP, (middle) JP and (bottom) CSV algorithms.
The inclusive multijet, and tt enriched samples are shown in the left and right panels, respec-
tively. The small discontinuities in the JP distributions are due to the single track probabilities,
which are required to be greater than 0.5%. Symbols are the same as in Fig. 1. Overflows are
added to the last bins.
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�Measure top quark kinematic distributions

�Scrutinize theory predictions and models

�Ensure that acceptances, efficiencies are correct

�Enhance sensitivity to new physics

�Extract / use for PDF-fits (future)

�Main analysis ingredients:

�Kinematic reconstruction

�Bin-wise cross section analysis

�Regularized unfolding

5 

Reconstruction of the ttbar pair   

M. Aldaya ICHEP 2012, 05.07.12 

  Needed to reconstruct top and ttbar observables 

•  Input: 4-vectors 

•  Lepton and up to 5 leading jets 

•  2-btagged jets 

•  νl: ET
miss with pz = 0 initially 

 

•  Vary 4-vectors within their  
resolutions to satisfy: 

•  mt = mtbar 

•  mW = 80.4 GeV 

•  Permutation with the minimum χ2 is taken 
 
 

 

Lepton+jets: Kinematic fit 

Dileptons: Kinematic reco 

•  Underconstrained (2 neutrinos) 
•  2 b-jets (or leading jets), 2 leptons, 
ETmiss 

•  Constraints: 
     - mW = 80.4 GeV 
     - px,y(ν1) + px,y(ν2) = ETmiss

x,y 
     - mt = mtbar = fixed 
 

       with mt varied in steps of 1 GeV,  
       between 100 - 300 GeV  
 

•  Solution with most probable E(ν)  
compared to simulated spectrum  
is taken 

For dσ/dmtt only: 
 

•  4-vector sum of the 2 leading  
jets, 2 leptons and ETmiss 

Differential tt Cross Sections

11

4.3 Kinematic Top-Quark-Pair Reconstruction 7

b-jetsN
0 1 2 3 4 5 6

E
ve

n
ts

1

10

210

310

410

510
 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

jetsN
2 3 4 5 6 7 8 9

E
ve

n
ts

1

10

210

310

410

510
 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

GeV Tp
50 100 150 200 250

L
e

p
to

n
s 

/ 
1

0
 G

e
V

0

1

2

3

4

5

6

7

8
310×

 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

GeV Tp
50 100 150 200 250 300 350 400

Je
ts

 /
 1

0
 G

e
V

1

10

210

310

410

510
 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

Figure 2: Basic kinematic distributions after event selection for the dilepton channels. The
top left plot shows the multiplicity of the reconstructed b-tagged jets. The multiplicity of the
reconstructed jets (top right), the pT of the selected isolated leptons (bottom left), and the pT of
the reconstructed jets (bottom right) are shown after the b-tagging requirement. The Z/g⇤+jets
background is determined from data (cf. Section 4.2).
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Figure 4: Distribution of top-quark and tt quantities as obtained from the kinematic recon-
struction in the dilepton channels. The left plots show the distributions for the top quarks or
antiquarks; the right plots show the tt system. The top row shows the transverse momenta,
and the bottom row shows the rapidities. The Z/g⇤+jets background is determined from data
(cf. Section 4.2).
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INFN sezione di Roma Tre, Italy
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(f) Departamento de F́ısica Teórica, Universidad Autónoma de Madrid
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Abstract

We extract from data the parameters of the Higgs potential, the top
Yukawa coupling and the electroweak gauge couplings with full 2-loop
NNLO precision, and we extrapolate the SM parameters up to large
energies with full 3-loop NNLO RGE precision. Then we study the
phase diagram of the Standard Model in terms of high-energy parame-
ters, finding that the measured Higgs mass roughly corresponds to the
minimum values of the Higgs quartic and top Yukawa and the max-
imum value of the gauge couplings allowed by vacuum metastability.
We discuss various theoretical interpretations of the near-criticality of
the Higgs mass.
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MW = 80.384± 0.014 GeV Pole mass of the W boson [87]
MZ = 91.1876± 0.0021 GeV Pole mass of the Z boson [88]
Mh = 125.66± 0.34 GeV Pole mass of the higgs [3]
Mt = 173.10± 0.59± 0.3 GeV Pole mass of the top quark [89]

V ⌘ (
p
2Gµ)�1/2 = 246.21971± 0.00006GeV Fermi constant for µ decay [90]
↵3(MZ) = 0.1184± 0.0007 ms gauge SU(3)c coupling (5 flavours) [91]

Table 2: Input values of the SM observables used to fix the SM fundamental parameters
�,m, yt, g2, gY . The pole top mass, Mt, is a naive average of TeVatron, CMS, ATLAS mea-
surements, all extracted from di�cult MonteCarlo modellings of top decay and production in
hadronic collisions. Furthermore, Mt is also a↵ected by a non-perturbative theoretical uncer-
tainty of order ⇤QCD, that we quantify as ±0.3GeV. Throughout the paper we give explicitly
the dependence of all physical quantities on Mt, and thus the impact of larger theoretical uncer-
tainties on the top mass is always manifest in our results.

The quantities of interests are ✓ = (m2,�, v, yt, g2, g1), i.e. the quadratic and quartic cou-
plings in the Higgs potential, the vacuum expectation value (vev), the top Yukawa coupling,
the SU(2)L and U(1)Y gauge couplings g2 and gY (with g1 =

p
5/3gY being the hypercharge

coupling rewritten in SU(5) normalisation), and are directly determined in terms of the pole
masses of the Higgs (Mh), of the top (Mt), of the Z (MZ), of the W (MW ), the Fermi constant
Gµ and the ms strong coupling ↵3(MZ). Their input values are listed in Table 2. Then, using
eq. (5), the ms quantities are obtained. We notice that the weak-scale values for the ms gauge
couplings at the scale µ̄ are given in terms of Gµ, MW and MZ and not in terms of the fine
structure constant and the weak mixing angle at the MZ scale as usually done.

In order to fix the notation we write the classical Higgs potential as (the subscript 0 indicates
a bare quantity)

V0 = �m2
0

2
|H0|2 + �0|H0|4 . (6)

The classical Higgs doublet H0 is defined by

H0 =

✓
�

(v0 + h+ i ⌘)/
p
2

◆
(7)

in terms of the physical Higgs field h, and of the neutral and charged would-be Goldstone
bosons ⌘ and �. The renormalisation of the Higgs potential, eq. (6), was discussed at the
one-loop level in [82] and extended at the two-loop level in [4]. We refer to these papers for
details. We recall that in ref. [4] the renormalised vacuum is identified with the minimum of
the radiatively corrected potential3 and it is defined through Gµ. Writing the relation between
the Fermi constant and the bare vacuum as

Gµp
2
=

1

2v20
(1 +�r0) , (8)

one gets

v2OS =
1p
2Gµ

, �v2OS = � �r0p
2Gµ

. (9)

3 This condition is enforced choosing the tadpole counterterm to cancel completely the tadpole graphs.
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for the SU(2)L gauge coupling, and

�(1)gYOS
=

⇣p
2Gµ

⌘1/2 q
M2

Z �M2
W

✓
�(1)M2

Z � �(1)M2
W

M2
Z �M2

W

+�r(1)0

◆
, (23)

�(2)gYOS
=

⇣p
2Gµ

⌘1/2 q
M2

Z �M2
W

✓
�(2)M2

Z � �(2)M2
W

M2
Z �M2

W

+�r(2)0 +

��r
(1)
0

2

"
�(1)M2

Z � �(1)M2
W

M2
Z �M2

W

+
3�r

(1)
0

2

#
+

1

4

✓
�(1)M2

Z � �(1)M2
W

M2
Z �M2

W

◆2
!

. (24)

for the hypercharge gauge coupling.

2.1 Two-loop correction to the Higgs quartic coupling

The ms Higgs quartic coupling is given by

�(µ̄) =
Gµp
2
M2

h + �(1)(µ̄) + �(2)(µ̄), (25)

with

�(1)(µ̄) = � �(1)�OS

��
fin

,

�(2)(µ̄) = � �(2)�OS

��
fin

+�� . (26)

The one-loop contribution in eq. (25), �(1), is given by the finite part of eq. (13). Concerning
the two-loop part, �(2)(µ̄), the QCD corrections were presented in refs. [4,34], and the two-loop
electroweak (EW) part, �(2)

EW(µ̄), was computed in ref. [4] in the so-called gauge-less limit of the
SM, in which the electroweak gauge interactions are switched o↵. The main advantage of this
limit results in a simplified evaluation of �r

(2)
0 . The computation of the two-loop EW part in

the full SM requires instead the complete evaluation of this quantity and we outline here the
derivation of �(2)

EW(µ̄) starting from the term �r
(2)
0 in �(2)�OS.

We recall that the Fermi constant is defined in terms of the muon lifetime ⌧µ as computed
in the 4-fermion V �A Fermi theory supplemented by QED interactions. We extract Gµ from
⌧µ via

1

⌧µ
=

G2
µm

5
µ

192⇡3
F (

m2
e

m2
µ

)(1 +�q)(1 +
3m2

µ

5M2
W

) , (27)

where F (⇢) = 1 � 8⇢ + 8⇢3 � ⇢4 � 12⇢2 ln ⇢ = 0.9981295 (for ⇢ = m2
e/m

2
µ) is the phase space

factor and �q = �q(1) +�q(2) = (�4.234 + 0.036) ⇥ 10�3 are the QED corrections computed
at one [92] and two loops [93]. From the measurement ⌧µ = (2196980.3 ± 2.2) ps [90] we find
Gµ = 1.1663781(6) 10�5/GeV2. This is 1� lower than the value quoted in [90] because we do
not follow the convention of including in the definition of Gµ itself the last term of (27), which
is the contribution from dimension-8 SM operators.

The computation of �r0 requires the subtraction of the QED corrections by matching the
result in the SM with that in the Fermi theory. However, it is well known that the Fermi theory
is renormalisable to all order in the electromagnetic interaction but to lowest order in Gµ due
to a Ward identity that becomes manifest if the 4-fermion interaction is rewritten via a Fierz
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Figure 4: Left: SM phase diagram in terms of quartic Higgs coupling � and top Yukawa coupling
yt renormalised at the Planck scale. The region where the instability scale ⇤I is larger than
1018 GeV is indicated as ‘Planck-scale dominated’. Right: Zoom around the experimentally
measured values of the couplings, which correspond to the thin ellipse roughly at the centre of
the panel. The dotted lines show contours of ⇤I in GeV.

EW vacuum’ corresponds to a situation in which � is negative at the weak scale, and therefore
the usual Higgs vacuum does not exist. In the region denoted as ‘Planck-scale dominated’ the
instability scale ⇤I is larger than 1018 GeV. In this situation we expect that both the Higgs
potential and the tunnelling rate receive large gravitational corrections and any assessment
about vacuum stability becomes unreliable.

From the left panel of fig. 4 it is evident that, even when we consider the situation in
terms of high-energy couplings, our universe appears to live under very special conditions.
The interesting theoretical question is to understand if the apparent peculiarity of �(MPl)
and yt(MPl) carry any important information about phenomena well beyond the reach of any
collider experiment. Of course this result could be just an accidental coincidence, because in
reality the SM potential is significantly modified by new physics at low or intermediate scales.
Indeed, the Higgs naturalness problem corroborates this possibility. However, both the reputed
violation of naturalness in the cosmological constant and the present lack of new physics at
the LHC cast doubts on the validity of the naturalness criterion for the Higgs boson. Of
course, even without a natural EW sector, there are good reasons to believe in the existence
of new degrees of freedom at intermediate energies. Neutrino masses, dark matter, axion,
inflation, baryon asymmetry provide good motivations for the existence of new dynamics below
the Planck mass. However, for each of these problems we can imagine solutions that either
involve physics well above the instability scale or do not significantly modify the shape of the
Higgs potential. As a typical example, take the see-saw mechanism. As shown in ref. [29], for
neutrino masses smaller than 0.1 eV (as suggested by neutrino-oscillation data without mass
degeneracies), either neutrino Yukawa couplings are too small to modify the running of � or
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Relevant for ttH 
top Yukawa coupling


