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希格斯物理现状

• LHC在2012年发现了一个约125GeV的标量粒子。随后的实验

结果显示，这个粒子很像标准模型预言的希格斯粒子

• 做为唯一的TeV对撞机，在LHC上直接寻找新物理仍然意义重

大

• 对于Higgs物理，需要尽可能精确地测量Higgs的性质

• 并且对Higgs的所有可能的衰变末态进行测量
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Is this good enough? No!
• Coupling to fermions not fully established yet in Run-1  

(coupling to top and bottom quarks not directly observed)

• Generic size of (inclusive) Higgs  
couplings modifiers expected for new physics (BSM) at ~O(TeV):  
 
 
 
 
 
 
 

• BSM effects may be enhanced at high transverse  
momentum, in tails of distribution

• Great progress! Will show some of the highlights  
from ATLAS and CMS based on 36 or 80 fb-1 of  
Run-2 data  (up to 3x the Run-1 luminosity)

[Snowmass 2013 study, https://arxiv.org/pdf/1310.8361.pdf]

[Grazzini et al.,  
JHEP 1703, 115 (2017)]

NEW → result released for ICHEP!
 5 Giacinto Piacquadio - ICHEP 2018

Snowmass 2013
arXiv:1310.8361



欧洲核子研究中心和LHCStatus of LHC Data Taking
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ATLASCMS

Large Hadron Collider

LHCb
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• Expected to have 150 fb-1 for LHC 
Run 2 by the end of 2018

• 2019-2012: two years shut down 
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Linac2: 50 MeV

PS Booster: 1.4 GeV

PS: 25 GeV

SPS: 450 GeV
LHC: 6.5 TeV

质子束流的制备

高电压

W, Z Discovery
Higgs Discovery

CERN的第一个同步加速器

为什么不建一个质子反质子对撞机？



ATLAS探测器
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ATLAS Detector JINST 3 (2008) S08003

Inner Detector;
|⌘| < 2.5
Solenoid 2 T
Tracking and vertexing
�/pT ⇠ 0.05%·pT �1%

Calorimeter;
|⌘| < 4.9
EM : Pb-LAr; �/E ⇠ 10%/

p
E � 0.7%

Had : Fe-Scint.; �/E ⇠ 50%/
p

E �4%

Muon Spectrometer;
|⌘| < 2.7
Air-core toroidal & gas
chambers
�/pT ⇠ 2% @ 50 GeV
�/pT ⇠ 10% @ 1 TeV

40 m long, 25 m high. 100 M read-out channels

Haifeng Li (Stony Brook University) ATLAS High Mass Higgs October 12, 2015 3 / 47
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LHC上希格斯玻色子的产生
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF

production processes.
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Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and

(b, c) gg! ZH production processes.
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Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although

4

ggF: dominant,  
larger initial state 
radiation from 
gluons

VBF: two forward 
jets with high 
mass and large 
rapidity gap

VH: vector boson 
(lv, ll’, qq’)

ttH: many b-jets, 
leptons, ET

miss

LHC Higgs Cross Section Working Group

With 80 fb-1, about 4M ggF events, 
300K VBF, 200K VH and 40K ttH events



希格斯玻色子的衰变
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• Observations: low BR channels (ZZ→4l, γγ, Zγ and μμ) 
have better mass resolutions but small rate. Channels with 
higher BRs (the rest) are challenging experimentally

LHC Higgs Cross Section Working Group

Higgs Boson Decays
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mH=125 GeV
Higgs decays BR [%]
H ! bb 57.8
H ! WW 21.4
H ! gg 8.19
H ! ⌧⌧ 6.27
H ! ZZ 2.62
H ! cc 2.89
H ! �� 0.227
H ! Z� 0.153
H ! µµ 0.022

Yellow Report 4

Haifeng Li (Shandong University) Search for Rare Decays of the Higgs Boson with ATLAS July 5, 2018 5 / 24



LHC Run 1 Legacy
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Introduction
The discovery of the Higgs boson is a triumph of the SM.
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Run 1 LHC
CMS and ATLAS

for the prefit case and

δmHpostfit ¼ "0.22 GeV

¼ "0.19 ðstatÞ " 0.10 ðsystÞ GeV ð7Þ

for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature

 (GeV)Hm
123 124 125 126 127 128 129

Total Stat SystCMS and ATLAS
 Run 1LHC       Total            Syst      Stat    

l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02

FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and total
(black error bars) uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central value
and the total uncertainty of the combined measurement, respectively.

PRL 114, 191803 (2015) P HY S I CA L R EV I EW LE T T ER S week ending
15 MAY 2015

191803-4

JHEP 08 (2016) 045

PRL 114, 191803 (2015)

Important to look at all the possible decay channels of Higgs boson at the
LHC

Haifeng Li (Shandong University) Search for Rare Decays of the Higgs Boson with ATLAS July 5, 2018 3 / 24



Higgs Mass
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Higgs Boson Mass
• Higgs mass is the only free parameter in BEH mechanism
• Use 36 fb-1 LHC Run 2 data, with H→ZZ→4l and H→𝛾𝛾
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Figure 2: (a) Invariant mass distributions (circles) of simulated H ! �� events reconstructed in two categories
with one of the best (“ggH 0J Cen”: open circles) and one of the worst (“ggH 0J Fwd”: solid circles) experimental
resolutions. The signal model derived from a fit of the simulated events is superimposed (solid lines). (b) Diphoton
invariant mass distribution of all selected data events, overlaid with the result of the fit (solid red line). Both for data
and for the fit, each category is weighted by a factor ln(1+ S/B), where S and B are the fitted signal and background
yields in a m�� interval containing 90% of the expected signal. The dotted line describes the background component
of the model. The bottom inset shows the di�erence between the sum of weights and the background component of
the fitted model (dots), compared with the signal model (black line).

The background invariant mass distribution of each category is parameterised with an empirical continuous
function of the diphoton system invariant mass value. The parameters of these functions are fitted directly
to data. The functional form used to describe the background in each category is chosen among several
alternatives according to the three criteria described in Ref. [24]: (i) the fitted signal yield in a test sample
representative of the data background, built by combining simulation and control regions in data, must be
minimised; (ii) the �2 probability for the fit of this background control sample must be larger than a certain
threshold; (iii) the quality of the fit to data sidebands must not improve significantly when adding an extra
degree of freedom to the model. The models selected by this procedure are exponential or power-law
functions with one degree of freedom for the categories with few events, while exponential functions of a
second-order polynomial are used for the others.

From the extrapolation of a background-only fit to the sidebands of the m�� distribution in data, excluding
events with 121 GeV < m�� < 129 GeV, the expected signal-to-background ratio in a m�� window
containing 90% of the signal distribution for mH = 125 GeV varies between 2% in the “ggH 0J Fwd”
category and 100% in a high-purity, low-yield (about 12 events) category targeting H+2jet, VBF-like
events with low transverse momentum of the H+2jet system.

8.3 Systematic uncertainties

The main sources of systematic uncertainty in the measured Higgs boson mass in the diphoton channel are
the uncertainties in the photon energy scale (PES), the uncertainty arising from the background model,

12
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Figure 1: (a) Invariant mass distribution for the data (points with error bars) shown together with the simultaneous
fit result to H ! Z Z⇤ ! 4` candidates (continuous line). The background component of the fit is also shown
(filled area). The signal probability density function is evaluated per-event and averaged over the observed data. (b)
Value of �2 ln⇤ as a function of mH for the combined fit to all H ! Z Z⇤ ! 4` categories. The intersection of the
�2 ln⇤ curve with the horizontal lines labelled 1� and 2� provide the 68.3% and 95.5% confidence intervals.

be compatible with the value measured independently for each channel, with the largest deviation being
1.4� for the 2µ2e channel and the others being within 1�.

The Higgs boson mass in the four-lepton channel is also measured by using a profile likelihood ratio
to combine the information from the Run 1 analysis [6], where mH = 124.51 ± 0.52 GeV, and the
Run 2 analysis, keeping each individual signal normalisation parameter independent. The systematic
uncertainties taken to be correlated between the two runs are the muon momentum and electron energy
scales, while all other systematic uncertainties are considered uncorrelated. The combined Run 1 and Run
2 result is mZZ⇤

H = 124.71 ± 0.30 (stat) ± 0.05 (syst) GeV = 124.71 ± 0.30 GeV. The di�erence between
the measured values of mH in the four-lepton channel in the two runs is �mZZ⇤

H = 0.28 ± 0.63 GeV, with
the two results being compatible, with a p-value of 0.84.

8 Mass measurement in the H ! �� channel

In the diphoton channel, the Higgs boson mass is measured from the position of the narrow resonant peak
in the m�� distribution due to the Higgs boson decay to two photons. Such a peak is observed over a large,
monotonically decreasing, m�� distribution from continuum background events. The diphoton invariant
mass is computed from the measured photon energies and from their directions relative to the diphoton
production vertex, chosen among all reconstructed primary vertex candidates using a neural-network
algorithm based on track and primary vertex information, as well as the directions of the two photons
measured in the calorimeter and inner detector [49].

10

H→ZZ→4l H→𝛾𝛾

123 124 125 126 127 128
 [GeV]Hm

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

10 Conclusion

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of
the decay channels H ! Z Z⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass
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ATLAS Run1+2 combined:

This result is in good agreement with the average of the ATLAS and CMS Run 1 measurements. The
combination of the ATLAS Run 1 and Run 2 measurements yields

mH = 124.97 ± 0.24 GeV.
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• Innermost silicon pixel 
detector layer (IBL)

• 33 mm from beam
• Improve tracking and bjet

tagging (~4 times better for light 
flavor jet rejection)
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production processes.

q

q

W, Z

H

g

g

Z

H

g

g

Z

H

Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and

(b, c) gg! ZH production processes.

q

q

t, b

H

t, b

g

g

t, b

t, b

H

g

g

t, b

H

t, b

(
Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).
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ttH allows direct probe of top Higgs Yukawa coupling

/14ttH, H→γγ: Result  10
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/14ttH Combination  12

Simultaneous fits applied to signal regions and control regions of the individual analyses.

Contributions from non-ttH Higgs production fixed to the SM prediction.

Correlation scheme of systematic uncertainties studied in detail.

Observation of  
ttH production!

SM
ttHσ/ttHσ

1− 0 1 2 3 4

Total Stat. Syst. SMATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs

             Total       Stat.    Syst.

Combined   )
0.19

0.21
  ± 0.18 , ±   ( 0.26

0.28  ±  1.32 

H (ZZ)tt < 1.77 at 68% CL

)γγH (tt   )0.17
0.23  ±  , 0.38

0.42  ±   ( 0.42
0.48  ±  1.39 

H (multilepton)tt   )0.27
0.30  ±  , 0.29

0.30  ±   ( 0.40
0.42  ±  1.56 

)bH (btt  0.53 )±  , 0.28
0.29  ±   ( 0.60

0.61  ±  0.79 

Significance

Obs. (Exp.)

1.4σ (1.6σ)

4.1σ (2.8σ)

4.1σ (3.7σ)

0σ (1.2σ)

5.8σ (4.9σ)

13 TeV only

6.3σ (5.1σ)

7, 8, and 13 TeV

Combined with Run 1 data,
Significance: 6.3σ (5.1σ exp.)

Observation of ttH production mode
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H→bb
• About 58% of Higgs decay to bb
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Figure 13: Distributions of mbb used as input to the global fit of the di-jet mass analysis. The distributions
refer to the signal regions of the 0-lepton channel. Shown are the data (points with error bars) and expectation
(histograms). The background contributions after the global fit are shown as filled histograms. The Higgs boson
signal (mH = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal
yield extracted from data (µ = 1.06), and unstacked as an unfilled histogram, scaled by the factor indicated in the
legend. The dashed histogram shows the total pre-fit background. The entries in overflow are included in the last
bin. The size of the combined statistical and systematic uncertainty for the sum of the signal and fitted background
is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the
lower panel.
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Figure 14: Distributions of mbb used as input to the global fit of the di-jet mass analysis. The distributions
refer to the signal regions of the 1-lepton channel. Shown are the data (points with error bars) and expectation
(histograms). The background contributions after the global fit are shown as filled histograms. The Higgs boson
signal (mH = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal
yield extracted from data (µ = 1.06), and unstacked as an unfilled histogram, scaled by the factor indicated in the
legend. The dashed histogram shows the total pre-fit background. The entries in overflow are included in the last
bin. The size of the combined statistical and systematic uncertainty for the sum of the signal and fitted background
is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the
lower panel.
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Figure 15: Distributions of mbb used as input to the global fit of the di-jet mass analysis. The distributions
refer to the signal regions of the 2-lepton channel. Shown are the data (points with error bars) and expectation
(histograms). The background contributions after the global fit are shown as filled histograms. The Higgs boson
signal (mH = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal
yield extracted from data (µ = 1.06), and unstacked as an unfilled histogram, scaled by the factor indicated in the
legend. The dashed histogram shows the total pre-fit background. The entries in overflow are included in the last
bin. The size of the combined statistical and systematic uncertainty for the sum of the signal and fitted background
is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the
lower panel.
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Figure 2: Event yields as a function of log(S/B) for data, background and a Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all regions are combined into bins of log(S/B), with S being the fitted signal and B the
fitted background. The Higgs boson signal contribution is shown after rescaling the SM cross section according to
the value of the signal strength parameter extracted from data (µ = 1.16). In the lower panel, the pull of the data
with respect to the background (the statistical significance of the di�erence between data and fitted background) is
shown with statistical uncertainties only. The full line indicates the pull of the prediction for signal and background
with respect to the background prediction.

Figure 2 shows the data, background and signal yields, where final-discriminant bins in all regions are
combined into bins of log(S/B). Here, S and B are the fitted signal and background yields in each analysis
bin, respectively.

Table 10 shows the signal strengths, p0 and significance values for the combined global fit, and for a fit
where the lepton channels each have their own signal strength parameter. The compatibility of the signal
strength parameters measured in the three lepton channels7 is 80%.

A combined fit is also performed with floating signal strength parameters separately for the WH and ZH
production processes. The results of this fit are shown in Figure 3. The WH and ZH production modes
have observed (expected) significances of 2.5 (2.3) and 4.0 (3.5) standard deviations, respectively, with a
linear correlation between the two signal strengths of �1%.

7 The compatibility between fits di�ering only in their number of parameters of interest is evaluated in the asymptotics regime,
where the di�erence between their minimum likelihoods follows a �2 distribution whose number of degrees of freedom is
equal to the di�erence between the number of parameters of interest.
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Event yields

7.2 Results of the dijet-mass analysis

The mbb distribution for all channels and regions summed, weighted by their respective value of the
ratio of fitted Higgs boson signal and background yields, and after subtraction of all backgrounds except
for the (W/Z)Z diboson processes, is shown in Figure 4. The data and the sum of expected signal and
backgrounds are found to be in good agreement. For all channels combined the fitted value of the signal
strength parameter is

µbbVH = 1.06+0.36
�0.33 = 1.06 ± 0.20(stat.)+0.30

�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance of
3.6 standard deviations, in comparison to an expectation of 3.5 standard deviations. Good agreement is
also found in the values of signal strength parameters in the individual channels for the dijet-mass analysis
compared to those for the multivariate analysis.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, pVT intervals and
number-of-jets categories are summed weighted by S/B, with S being the total fitted signal and B the total fitted
background in that region. The expected contribution of the associated WH and ZH production of a SM Higgs
boson with mH = 125 GeV is shown scaled by the measured combined signal strength (µ = 1.06). The size of the
combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs analysis, the measurement of V Z production based on the multivariate analysis
described in Section 6.3 returns a value of signal strength

µbbVZ = 1.20+0.20
�0.18 = 1.20 ± 0.08(stat.)+0.19

�0.16(syst.),

in good agreement with the Standard Model prediction. TheV Z signal is observed with a significance of 9.6
standard deviations, to be compared to an expected significance of 8.7 standard deviations. Analogously
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Combined with Run 1 data,
Significance: 4.9σ (5.1σ exp.)

7.2 Results of the dijet-mass analysis

The mbb distribution for all channels and regions summed, weighted by their respective value of the
ratio of fitted Higgs boson signal and background yields, and after subtraction of all backgrounds except
for the (W/Z)Z diboson processes, is shown in Figure 4. The data and the sum of expected signal and
backgrounds are found to be in good agreement. For all channels combined the fitted value of the signal
strength parameter is

µbbVH = 1.06+0.36
�0.33 = 1.06 ± 0.20(stat.)+0.30

�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance of
3.6 standard deviations, in comparison to an expectation of 3.5 standard deviations. Good agreement is
also found in the values of signal strength parameters in the individual channels for the dijet-mass analysis
compared to those for the multivariate analysis.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, pVT intervals and
number-of-jets categories are summed weighted by S/B, with S being the total fitted signal and B the total fitted
background in that region. The expected contribution of the associated WH and ZH production of a SM Higgs
boson with mH = 125 GeV is shown scaled by the measured combined signal strength (µ = 1.06). The size of the
combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs analysis, the measurement of V Z production based on the multivariate analysis
described in Section 6.3 returns a value of signal strength

µbbVZ = 1.20+0.20
�0.18 = 1.20 ± 0.08(stat.)+0.19

�0.16(syst.),

in good agreement with the Standard Model prediction. TheV Z signal is observed with a significance of 9.6
standard deviations, to be compared to an expected significance of 8.7 standard deviations. Analogously
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Table 11: Expected and observed significance values (in standard deviations) for the H ! bb̄ channels fitted
independently and their combination using the 7 TeV, 8 TeV and 13 TeV dataset.

Channel
Significance
Exp. Obs.

VBF+ggF 0.9 1.5
tt̄H 1.9 1.9
VH 5.1 4.9
H ! bb̄ Combination 5.5 5.4

bb→H
µ

0 1 2 3 4 5 6 7

Comb.

VH

ttH

VBF+ggF

0.20−
+0.201.01    , 0.12−

+0.12                                0.15−
+0.16                                                 (                 )         

0.21−
+0.220.98    , 0.14−

+0.14                                0.16−
+0.17                                                 (                 )         

0.54−
+0.561.00    , 0.27−

+0.28                                0.46−
+0.48                                                 (                 )         

1.12−
+1.161.68    , 1.00−

+1.01                                0.51−
+0.57                                                 (                 )         

( Tot. ) ( Stat., Syst. )
Total Stat.

ATLAS Preliminary = 7 TeV, 8 TeV, and 13 TeVs
-1, and 24.5-79.8 fb-1, 20.3 fb-1      4.7 fb

Figure 7: The fitted values of the Higgs boson signal strength parameter µH!bb for mH = 125 GeV separately for
the VH, tt̄H and VBF+ggF analyses, along with their combination. The individual µH!bb values for the di�erent
production modes are obtained from a simultaneous fit with the signal strength parameters for each of the processes
floating independently. The compatibility of the individual signal strengths is 83%.
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• Combined Run 1 
and Run 2 data

• Include VH, H→bb; 
VBF+ggF, H→bb; 
ttH, H→bb

Significance: 5.4σ (5.5σ exp.)

Observation of H→bb
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF

production processes.
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Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and

(b, c) gg! ZH production processes.

q

q

t, b

H

t, b

g

g

t, b

t, b

H

g

g

t, b

H

t, b

(
Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although

4

Include VH, H→bb; 
VH, H→𝛾𝛾; 
VH, H→ZZ

Significance: 5.3σ (4.8σ exp.)

Observation of VH production mode
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CERN-LHC	Seminar	on	Tuesday	28	August in	Filtration	Plant	(222-R-001)	at	11h00:

Observation of the H->b bbar decay at ATLAS and CMS

https://indico.cern.ch/event/750541/

Abstract:

This seminar presents the observation of the Higgs boson decay to a bottom quark-
antiquark pair by the ATLAS and CMS experiments. The results presented use all 
available datasets from the LHC Run 1 and Run 2 including the most recent 13 TeV
dataset that corresponds to an integrated luminosity of ~80 fb^-1. The analysis strategy 
and the background estimation techniques are discussed and a comprehensive set of 
measurements are presented.
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H ! µµ Analysis Strategy and Event Selections

Data: LHC 2015-2017 pp collisions data,
79.8 fb�1

Dominant background is Drell-Yan process
Dedicated categories for ggF and VBF
Use analytic functions to model signal and
background
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At least one primary vertex
associated with at least two tracks
Exactly have two muons. Leading
muon pT > 27 GeV

Emiss
T < 80 GeV. Veto events with

any b-jet
Signal region: 110 < mµµ < 160
GeV
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• Dominant 
background is 
Drell-Yan 
process

• Dedicated 
categories for 
ggF abd VBF

• Use analytic 
functions to 
model signal 
and 
backgrounds

DY

Diboson

Top

Higgs: ggF
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Categorization – ggF
Categories make use of better S/

p
B for different regions

Signal has more ISR than background. Signal tends to have large pµµ
T than

background

Background

Signal
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(1) pµµ
T < 15 GeV; (2) 15 < pµµ

T < 50 GeV; (3) pµµ
T > 50 GeV;
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Categorization – VBF
Categories make use of better S/

p
B for different regions

Multivariate analysis method is used for
VBF category to get better sensitivity
14 variables are used to train a BDT (most
sensitive ones: mjj , �⌘jj , pµµ

T , �Rjj)
Cut on BDT score to have VBF Tight

(BDT > 0.885) and VBF Loose (0.685<
BDT < 0.885) 1

Events with BDT < 0.685 are classified as
ggF-like events
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1 Chosen to retain signal efficiency used in the last publication PRL 119, 051802 (2017)
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ATLAS

• pT, eta of dimuon system
• Δη, Δ𝜑 between the muons
• η of the two highest pT jets
• mass and Δη between the jets
• N. jets; N. btagged jets

Trained a BDT

CMS
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Transformed BDT
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Figure 1: The transformed BDT output distributions in data (solid points) and MC simula-
tion (histograms). The stacked solid histograms represent the background processes, while the
stacked dashed histograms represent the signal. In the legend, V denotes the vector bosons W
and Z, and TTX indicates the top quark pair production in association with a vector boson V
or another top quark pair. The vertical lines denote the BDT response intervals indicated in
Table 1.

gauged by the largest |h| of the two muons. The best mass resolution is obtained when both
muons are located in the central part of the detector |h| < 0.9, where the muon momentum
resolution is approximately constant, and degrades when one of the muons is more forward,
especially in the region |h| > 1.9.

The number of categories and the values of the BDT and |h| boundaries of the categories were
optimized according to an iterative process using Âi S2

i /Bi as a figure of merit, where Si and Bi
are the number of expected signal and background events in each category in the ith mass bin
from 120 to 130 GeV with 0.5 GeV spacing. A first category boundary is created by optimizing
the figure of merit against all possible boundaries in |h| and in BDT score separately, and then
choosing the one with the larger gain. The process is then repeated recursively within each of
the two newly created categories to create additional category boundaries within them until a
set number of categories is achieved. Some rounding of the values of the boundaries was made
afterward, checking that the simplification does not significantly worsen the expected limit.

This procedure incorporates the dimuon mass resolution into the definition of the categories,
optimizing the sensitivity of the analysis. This optimization results in 15 categories shown in
Table 1. Simulated events are used to optimize the event categories and to estimate the selection
efficiency for signal events. In each category, the shape and the normalization of the dimuon
mass distribution of the background contributions are obtained from a parametric fit to the
data using a set of empirical functions. The product of signal acceptance and efficiency for the
H ! µ+µ� signal varies depending on production process. This product is shown in Table 1
for each category for a Higgs boson mass of 125 GeV, together with the functional form used to
derive the background from data and the S/

p
B ratio within the full width at half maximum

(FWHM) of the expected signal distribution.

The reconstructed invariant mass of the signal is modeled with a sum of up to three Gaussian
functions, which provides a satisfactory description of the low-mass tail of the distribution,

ATLAS CMS

Categorization

VBF Loose
0.685<BDT< 0.885

VBF Tight
BDT> 0.885

Central
low pµµ

T

Non-cent.
low pµµ

T

Central
med. pµµ

T

Non-cent.
med. pµµ

T

Central
high pµµ

T

Non-cent.
high pµµ

T

Both muons |⌘| < 1 Rest

pµµ
T < 15 GeV

15 < pµµ
T < 50 GeV

pµµ
T > 50 GeV

BDT< 0.685
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Figure 2: Data and weighted sum of signal-plus-background fits to each category. Events are
weighted according to the expected signal-to-background ratio in the category to which they
belong. The lower panel shows the difference between the data and the background component
of the fit.

120 121 122 123 124 125 126 127 128 129 130
 [GeV]Hm

0

1

2

3

4

5

6

7

SM
σ/

σ
95

%
 C

L 
Li

m
it 

on
 

CMS
 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.8 fb-15.0 fb

Observed
Expected (background, 68% CL, 95% CL)

 = 125 GeV)
H

Expected (SM m

Figure 3: The 95% CL upper limit on the signal strength modifier, µ, in the region around the
Higgs boson mass for the combination of the 7, 8, and 13 TeV data sets together with the ex-
pected limit obtained in the background only hypothesis (dashed black line) and in the signal-
plus-background hypothesis (dashed red line) for the SM Higgs boson with mH = 125 GeV.

In summary, we present a search for the Higgs boson decaying to two muons using data
recorded by the CMS experiment at the LHC in 2016 at a center-of-mass energy of 13 TeV,
corresponding to an integrated luminosity of 35.9 fb�1. No significant evidence for this decay
is observed. Limits are set on the cross section times branching fraction of the Higgs boson
decaying to two muons. The combination with data recorded at center-of-mass energies of 7
and 8 TeV yields a 95% confidence level observed upper limit of 2.92 times the standard model
value for mH = 125.09 GeV. The corresponding expected upper limit in the absence of a SM
decay in this channel is 2.16, which is the most sensitive to date. Assuming standard model pro-
duction cross sections for the Higgs boson, the observed limit corresponds to an upper limit of
6.4 ⇥ 10�4 on the Higgs boson branching fraction to two muons.
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Figure 3: The 95% CL upper limit on the signal strength modifier, µ, in the region around the
Higgs boson mass for the combination of the 7, 8, and 13 TeV data sets together with the ex-
pected limit obtained in the background only hypothesis (dashed black line) and in the signal-
plus-background hypothesis (dashed red line) for the SM Higgs boson with mH = 125 GeV.

In summary, we present a search for the Higgs boson decaying to two muons using data
recorded by the CMS experiment at the LHC in 2016 at a center-of-mass energy of 13 TeV,
corresponding to an integrated luminosity of 35.9 fb�1. No significant evidence for this decay
is observed. Limits are set on the cross section times branching fraction of the Higgs boson
decaying to two muons. The combination with data recorded at center-of-mass energies of 7
and 8 TeV yields a 95% confidence level observed upper limit of 2.92 times the standard model
value for mH = 125.09 GeV. The corresponding expected upper limit in the absence of a SM
decay in this channel is 2.16, which is the most sensitive to date. Assuming standard model pro-
duction cross sections for the Higgs boson, the observed limit corresponds to an upper limit of
6.4 ⇥ 10�4 on the Higgs boson branching fraction to two muons.
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Upper limits on signal strength: 2.1 (2.0 exp.)
Significance: 0σ (0.9σ)

Upper limits on signal strength: 2.92 (2.16 exp.)
Significance: 0.9σ

arXiv: 1807.06325ATLAS-CONF-2018-026
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H ! µµ Results from Last Publication

Data: 2015+2016 LHC pp collisions
data. Integrated luminosity: 36.1 fb�1

Phys. Rev. Lett. 119, 051802 (2017)
PRL Editors’ Suggestion

Upper limit on signal strength
Observed Expected

Run-2 3.0 3.1
Run-1&Run-2 2.8 2.9

Measurement of signal strength
µ̂

Run-2 �0.1 ± 1.5
Run-1&Run-2 �0.1 ± 1.4

Haifeng Li (Shandong University) Search for Rare Decays of the Higgs Boson with ATLAS July 5, 2018 23 / 24
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We present a nontrivial correlation between the enhancement of the Higgs-fermion couplings and the
Higgs pair production cross section in two Higgs doublet models with a flavor symmetry, with implications
for LHC searches. This symmetry suppresses flavor-changing neutral couplings of the Higgs boson and
allows for a partial explanation of the hierarchy in the Yukawa sector. After taking into account the
constraints from electroweak precision measurements, Higgs coupling strength measurements, and
unitarity and perturbativity bounds, we identify an interesting region of parameter space leading to
enhanced Yukawa couplings as well as enhanced di-Higgs gluon fusion production at the LHC reach. This
effect is visible in both the resonant and nonresonant contributions to the Higgs pair production cross
section. We encourage dedicated searches based on differential distributions as a novel way to indirectly
probe enhanced Higgs couplings to light fermions.

DOI: 10.1103/PhysRevLett.121.021801

Introduction.—Probing the Higgs couplings to the first
and second generation fermions is one of the main
objectives of the Higgs program at the LHC. New physics
could induce very large deviations from the standard model
(SM) predictions, by changing the way the Higgs couples
to light fermions through higher dimensional operators

−L ¼ yff̄ϕf þ y0f
ϕ†ϕ
Λ2

f̄ϕf þO
!

1

Λ4

"
; ð1Þ

where ϕ denotes the Higgs doublet and f is an arbitrary
fermion. From Eq. (1) follows for the fermion mass
matrix

mf ¼
!
yf þ y0f

v2

2Λ2

"
vffiffiffi
2

p ; ð2Þ

while the couplings to the SM Higgs boson are given by

ghff ¼
!
yf þ 3y0f

v2

2Λ2

"
1ffiffiffi
2

p ¼
mf

v
þ

y0fv
2

ffiffiffi
2

p
Λ2

: ð3Þ

Enhancements of Higgs couplings to light fermions can be
induced if the last term in Eq. (3) becomes sizable with
respect to mf=v. This requires fine-tuning between yf and
y0f in order to recover the observed fermion masses. In
addition, Eq. (3) in general induces sizable flavor-changing
neutral currents (FCNCs) mediated by the Higgs boson,
due to the misalignment between fermion masses and
Higgs couplings, which requires additional fine-tuning to
fulfill the bounds from flavor observables [1]. An align-
ment of the couplings yf and yf0 at a high scale is not stable
under renormalization group evolution, because the SM
Yukawa coupling and the dimension six operator in Eq. (1)
run differently [2–4]. In addition, in some cases dimension
8 operators can have relevant effects [5,6].
In two Higgs doublet models (2HDMs) with a flavor

symmetry, the light fermion masses can be explained
through higher order operators, avoiding the need for the
very small Yukawa couplings in the SM. These higher
order operators introduce enhanced diagonal couplings
between the Higgs and the SM fermions. Moreover, the
structure of Higgs couplings to fermions are close to
minimal flavor violating, leading to suppressed FCNCs
[7,8]. In this Letter, we argue that in these models there
exists a strong correlation between maximally enhanced
Higgs couplings to fermions and an enhanced Higgs pair
production that can be probed at the LHC.
Several strategies to test light fermion Yukawa couplings

have been proposed, which are sensitive to enhanced
couplings present in the class of models discussed in this
Letter. In the case of muon and electron Yukawa couplings,
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Combined explanations of (g � 2)µ,e and implications for a large muon EDM

Andreas Crivellin,1 Martin Hoferichter,2 and Philipp Schmidt-Wellenburg1

1Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland
2Institute for Nuclear Theory, University of Washington, Seattle, WA 98195-1550, USA

With the long-standing tension between experiment and Standard-Model (SM) prediction in the
anomalous magnetic moment of the muon, aµ = (g�2)µ/2, at the level of 3–4�, it is natural to ask if
there could be a sizable e↵ect in the electric dipole moment (EDM) dµ as well. In this context it has
often been argued that in UV complete models the electron EDM, which is very precisely measured,
excludes a large e↵ect in dµ. However, the recently observed 2.5� tension in ae = (g � 2)e/2, if
confirmed, requires that the muon and electron sectors e↵ectively decouple to avoid constraints
from µ ! e�. We briefly discuss UV complete models that possess such a decoupling, which can be
enforced by an Abelian flavor symmetry Lµ�L⌧ . We show that, in such scenarios, there is no reason
to expect a correlation between the electron and muon EDM, so that the latter can be sizable. New
limits on dµ improved by up to two orders of magnitude are expected from the upcoming (g � 2)µ
experiments at Fermilab and J-PARC. Beyond, a proposed dedicated muon EDM experiment at
PSI could further advance the limit. In this way, future improved measurements of ae, aµ, as well
as the fine-structure constant ↵ are not only set to provide exciting precision tests of the SM, but,
in combination with EDMs, to reveal crucial insights into the flavor structure of physics beyond the
SM.

I. INTRODUCTION

Ever since Schwinger’s seminal prediction a` =
↵/(2⇡) [1], magnetic moments of charged leptons have
served as powerful precision tests first of quantum elec-
trodynamics (QED) and later of the full SM. In fact, for
the muon there exists a tantalizing tension between the
measurement [2]

aexpµ = 116,592,089(63)⇥ 10�11 (1)

(corrected for the updated ratio of proton and muon mag-
netic moments [3]) and the SM prediction. The latter is
currently being re-evaluated in a community-wide e↵ort
prompted by upcoming improved measurements at Fer-
milab [4] and J-PARC [5] (see also [6]), with promising
recent advances in hadronic vacuum polarization [7–13],
hadronic light-by-light scattering [14–21], and higher-
order hadronic corrections [22, 23]. Current evaluations
point towards a discrepancy

�aµ = aexpµ � aSMµ ⇠ 270(85)⇥ 10�11 (2)

of around 3–4� (for definiteness, we choose a value at the
lower end).
This tension raises the question about the existence of

e↵ects beyond the SM (BSM) in the EDM of the muon.
Here, the present EDM bound is [24]

|dµ| < 1.5⇥ 10�19e cm 90%C.L., (3)

which is about 600 times larger than expected from the
central value of aµ assuming that the imaginary part of
the corresponding BSM contribution is as large as the
real one. In contrast, the electron EDM is very precisely
measured [25] with an upper limit of

|de| < 8.7⇥ 10�29e cm 90%C.L., (4)

which indicates a very small or even vanishing phase of
any BSM contribution. Models with minimally-flavor-
violating (MFV) structures [26–29] then predict dµ =
m2

µ/m
2

ede, leading to

|dMFV

µ | < 3.7⇥ 10�24e cm 90%C.L. (5)

This is five orders of magnitude below the current limit,
but it is imperative to keep in mind that it is derived
under the strong assumption of MFV.

MFV is strongly challenged by recent experimental
measurements in semileptonic B meson decays (see [30]
for a recent review) and by a new, indirect, measurement
of ae. Until recently, the direct measurement of ae [31]

aexpe = 1,159,652,180.73(28)⇥ 10�12 (6)

agreed with the SM prediction [32]

aSMe
��
↵Rb

= 1,159,652,182.03(72)⇥ 10�12, (7)

derived from the fine-structure constant as measured in
Rb atomic interferometry [33], at the level of 1.7�, with
the uncertainty completely dominated by �aSMe , i.e. lim-
ited by the precision of the Rb measurement of ↵. This
situation changed significantly with a new measurement
of ↵ using Cs atoms [34], implying

aSMe
��
↵Cs

= 1,159,652,181.61(23)⇥ 10�12. (8)

Thus

�ae = aexpe � aSMe = �0.88(36)⇥ 10�12, (9)

which corresponds to a 2.5� deviation, at a level of ac-
curacy improved by a factor of 2.1 Most crucially, the

1 The extraction of ↵ from atomic interferometry relies on the Ry-
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Most H ! µµ signal have muon pT between 50 GeV and
100 GeV.
Sensitivity to signal is proportional to the 1/

p
�

Sp
B

⇠ 1p
�

Improving the dimuon mass resolution is the key to find
H ! µµ signal at LHC

Haifeng Li (Shandong University) Higgs to µµ at ATLAS December 23, 2017 20 / 24
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Figure 10: Reduced coupling strength modifiers F mF

v for fermions (F = t, b,⌧, µ) and p
V

mV

v for weak gauge
bosons (V = W, Z) as a function of their masses mF and mV , respectively, and the vacuum expectation value of the
Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The couplings modifiers
F and V are measured assuming no BSM contributions to the Higgs boson decays, and the SM structure of loop
processes such as ggF, H ! �� and H ! gg.

5.4.4 Parameterization including e�ective photon and gluon couplings with and without BSM
contributions in decays

The two models considered in this section are based on the same parameterization as the one in Section 5.4.3
but the ggF, H ! gg and H ! �� loop processes are parameterized using the g and � modifiers in the
same way as for the model of Section 5.4.2.

In the first model, no BSM contributions to the total width are considered (BBSM = 0). The measured
parameters are Z , W , b, t , ⌧ , � and g. The sign of t can be either positive or negative, while Z is
assumed to be positive without loss of generality. The other parameters are also assumed to be positive.

In the second model, BSM contributions to the total width are included through the parameter BBSM, and
constrained by assuming BBSM � 0 and W ,Z  1. The latter condition holds true for a broad class of
extensions of the SM and disfavors large values of BBSM [22].

The results of both models are summarized in Table 9 and Figure 11. In the model with BBSM included as
a free parameter, an upper limit of BBSM = 0.26 at 95% CL is obtained, compared to an expected upper

24

Table 1: Integrated luminosity of the dataset used for each input analysis to the combination.

Analysis Integrated luminosity (fb�1)
H ! �� (including ttH, H ! ��) 79.8
H! Z Z⇤! 4` (including ttH, H! Z Z⇤! 4`) 79.8
H!WW⇤! e⌫µ⌫ 36.1
H ! ⌧⌧ 36.1
VH, H ! bb̄ 36.1
H ! µµ 79.8
ttH, H ! bb̄ and ttH multilepton 36.1

The simulated Higgs boson samples used to describe the signal processes are described below. Simulated
background samples are described in the individual references for the input analyses. Higgs boson produc-
tion via gluon-gluon fusion is simulated using the P����� B�� [26–29] NNLOPS implementation [30,
31]. The event generator uses HNNLO [32] to reweight the inclusive Higgs boson rapidity distribution
produced by the next-to-leading order (NLO) generation of pp ! H + parton, with the scale of each
parton emission determined using the MiNLO procedure [33]. The PDF4LHC15 parton distribution
functions (PDFs) are used for the central prediction and uncertainty. The sample is normalised such that
it reproduces the total cross-section predicted by a next-to-next-to-next-to-leading-order (N3LO) QCD
calculation with NLO electroweak corrections applied [34–38]. The NNLOPS generator reproduces the
Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm (NNLL) cal-
culation of H���2.3 [39], which includes the e�ects of top- and bottom-quark masses and uses dynamical
renormalisation and factorisation scales.

The VBF and VH production processes are simulated to NLO accuracy in QCD using the P����� B��
[40] generator with the PDF4LHC15 set of PDFs. The VBF sample is normalised to an approximate-
NNLO QCD cross-section with NLO electroweak corrections applied [34, 41–43]. The VH samples are
normalised to cross-sections calculated at NNLO in QCD with NLO electroweak corrections [44, 45] and
additional NLO QCD corrections [46] for the gg ! ZH subprocess [34].

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using
the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay
processes. For other Higgs boson decays, the M��G����5_�MC@NLO [47] generator is used with the
NNPDF3.0 set of PDFs. In both cases the sample is normalised to a calculation with NLO QCD and
electroweak corrections [34, 48–51].

In addition to the primary Higgs boson processes, separate samples are used to model lower-rate processes.
Higgs boson production in association with a bottom–antibottom pair (bb̄H) is simulated using M��-
G����5_�MC@NLO [52] with NNPDF2.3LO PDFs and is normalised to a cross-section calculated to
NNLO in QCD [34, 53–55]. The sample includes the e�ect of interference with the ggF production mech-
anism. Higgs boson production in association with a single top quark and a W boson (tHW) is produced
at LO accuracy using M��G����5_�MC@NLO. Finally, Higgs boson production in association with a
single top quark in the t-channel (tHq) is generated at LO accuracy using M��G����5_�MC@NLO with
CT10 [56] PDFs. The tH samples are normalised to NLO QCD calculations [34, 57].

The parton-level events are input to P�����8 [58] or H�����++ [59] to model the Higgs boson decay,

3
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF

production processes.

q

q

W, Z

H

g

g

Z

H

g

g

Z

H

Figure 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq ! VH and

(b, c) gg! ZH production processes.
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Figure 3: Examples of leading-order Feynman diagrams for Higgs boson production via the qq/gg ! ttH and

qq/gg! bbH processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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Summary
• ATLAS has performed Higgs measurements using 

80 fb-1 LHC Run 2 data
• Observed ttH and VH production modes 
• Observed H→bb decay mode
• For H→𝜇𝜇, upper limit is 2.1 times SM prediction at 

95% CL

• No obvious deviation from SM is found at Higgs sector 
at LHC
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Higgs mass measurement systematics
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systematic uncertainties. The nuisance parameter values from the unconditional maximum-likelihood fit
are consistent with the pre-fit values within one standard deviation.

Table 1: Main sources of systematic uncertainty in the Higgs boson mass mH measured with the 4` and �� final
states using Run 1 and Run 2 data.

Source Systematic uncertainty in mH [MeV]

EM calorimeter response linearity 60
Non-ID material 55
EM calorimeter layer intercalibration 55
Z ! ee calibration 45
ID material 45
Lateral shower shape 40
Muon momentum scale 20
Conversion reconstruction 20
H ! �� background modelling 20
H ! �� vertex reconstruction 15
e/� energy resolution 15
All other systematic uncertainties 10

The probability that the mH results from the four measurements (in the 4` and �� final states, using
Run 1 or Run 2 ATLAS data) are compatible is 12.3%. The results from each of the four individual
measurements, as well as various combinations, along with the LHC Run 1 result, are summarised in
Figure 4.

The combination of the four ATLAS measurements using the BLUE approach as an alternative method,
assuming two uncorrelated channels,3 is found to be mH = 124.97 ± 0.23 GeV = 124.97 ± 0.19 (stat) ±
0.13 (syst)GeV. The splitting of the errors takes into account the relative weight of the two channels in
the combined measurement.

3 The combination of the two LHC run periods for each channel was used as input.
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